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Application of Wound Type Current 
Transformers Installed in High- Voltage Oil 
Circuit Breaker Tanks 
BY J. C. REA: 


Associate, A. I. E. E. 


Synopsis.—Wound type current transformers installed in the 
tanks of high-voltage oil circuit breakers have been in operation for 
many years. The experience gained during this period has resulted 
in fairly clear definitions as to the types of installations to which they 
are best suited, and to designs of transformers which are highly 


N the early stages of the electric power industry 
the oil circuit breaker: made its appearance as a 
solution of the problem of interrupting circuits under 

load and it was not surprising that efforts were soon 
made to develop automatic mechanisms which would 
cause the circuit breaker to open itself on over-current. 
Some of the earliest forms of devices for performing this 
duty took the form of solenoid coils connected in series 
with the circuit controlled by the circuit breaker. 
These coils acted as electromagnets in a mechanism 
which was designed to release the operating mechanism 
of a circuit breaker when a predetermined amount of 
current flowed through the series coil. The operating 
mechanism would then throw the circuit breaker to 
the open position. 

A device of this nature was manufactured in 1910 
for installation on indoor circuit breakers where it was 
unnecessary to protect it from the weather. The 
series coil was mounted on the top of the oil circuit 
breaker bushing and the motion of the electromagnet 
was transmitted to the control mechanism through a 
glass tube which served to insulate the electromagnet 
from the control mechanism. A further step in the 
development of this device was to provide for its 
protection from the weather when used in outdoor 
oil circuit breakers. This was accomplished by moving 
the series trip coil to the inner end of the entrance 
bushing where it operated submerged in oil. 

The series trip coil was mounted on the lower end of 
the bushing. An insulating plate was bolted between 
the lower end of the bushing conductor and the support 
for the breaker contact. The series trip coil was con- 
nected across this insulating member so that the current 
flowing through the breaker passed through the trip 
coil. 

The motion was transmitted from the electromagnet 
to the control mechanism by means of a vertical in- 
sulating rod which connected to a lever on a shaft 


running between the three phases of the circuit breaker. 


1. Chief Engineer, Pacific Electrie Mfg. Co., San Francisco, 
Calif. 

Presented at the Northeastern District No. 1 Meeting of the 
A. I.E. E., New Haven, Conn., May 9-12, 1928. 


reliable. The purpose of this paper is to present a brief history of 
some of the developments leading up to the present application of 
wound type current transformers in circuit breakers and to indicate 


‘some of the conditions under which they offer special advantages. 
back alee aes 2k 


This shaft when rotated released the opening mecha- 
nism. Devices of this nature all had the serious defect 
of requiring very delicate adjustments because the 
amount of energy available was very small. They also 
lacked a satisfactory means for varying the time delay. 

These defects were readily overcome by the use of 
current transformers connected to suitable relays. The 
desired time delay characteristics were obtainable 
with this combination and additional features such as 
differential protection, reverse power control, etc., 
could also be obtained. The current transformers, 
however, in many cases added a very considerable 
item of expense to the installation, particularly in the 
higher voltages. 

The use of the entrance bushing on the oil circuit 
breaker offered a means to provide insulation for the 
primary circuit of the current transformer, eliminating 
one of the heaviest items of expense in connection with 
its use. This means was used either by applying a 
bushing type transformer in which the primary winding 
was formed by the conductor passing through the bush- 
ing, or a transformer with a primary coil wound on the 
core and mounted in the oil circuit breaker tank. 

In the case of the bushing type transformer no 
change was required in the conducting parts of the oil 
circuit breaker in order to pass the primary current 
through the current transformer. 

In applying the wound-type current transformer 
inside the circuit breaker tank it was necessary to 
insert the primary coil in series with the conducting 
parts in the breaker. 


EARLY FORMS OF TRANSFORMERS 

In an early form of transformer of this type the 
primary coil was provided with a bracket which formed 
one of the leads and was located at the lower end of the 
bushing. The transformer was arranged with two 
equal primary windings which could be connected by 
means of links into either a series or parallel connection 
so as to obtain two ratios. The bracket lead was 
fastened to one of the contact members in the oil 
circuit breaker and formed a partial support for the 
transformer. The other end of the primary winding 
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was connected to the conductor at the lower end of the 
entrance bushing. An insulating plate, bolted between 
the lower end of the bushing conductor and the support 
for the breaker contact, caused the current to flow 
through the primary coil. 

As this transformer was designed for use with cir- 
cuit breakers having dimensions already established, 
it was necessary to make the primary coil as small as 
possible and to aid in obtaining this result the secondary 
coil was placed on the leg of the core opposite to that 
on which the primary coil was located. This construc- 
tion not only permitted a small primary coil to be used 
but also enabled the insulation to be split into two 
sections. The core was given an equal amount of 
insulation both from the primary and the grounded 
secondary coil so that the dielectric stress on the insu- 
lation at the primary coil was considerably reduced 
from that which would have existed if all of the insula- 
tion had been applied at one point. The secondary coil 
leads were brought out along a bracket connection which 
was built into the secondary coil and which aided in 
supporting the transformer by being fastened to the top 
cover of the oil circuit breaker. Transformers of this 
type were applied to oil circuit breakers ranging from 
22,000 to 110,000 volts. They were used for tripping 
purposes and for operating indicating ammeters for 
which they were very satisfactory. 

The principal reason for the use of these transformers 
rather than bushing type transformers was to take care 
of the tripping of high-voltage oil circuit breakers 
where the current at which tripping was desired was so 
low that satisfactory performance could not be ob- 
tained with bushing type transformers. The accuracy 
of ratio and phase angle of these transformers with 
wound primary coils was not sufficient to permit their 
application to metering. The placing of the primary 
and secondary coils on the opposite sides of the core 
also caused a high leakage flux which gave the trans- 
formers rather poor characteristics on heavy overloads. 
This interfered with their application to differential 
protection of transformer banks. 

These weaknesses were not easily remedied because 
of the space limitations which were imposed on the 
transformer, due to its being mounted in the tank of 
the oil circuit breaker. The characteristics obtained 
and the very material saving in cost over externally 
mounted transformers made this type of equipment 
of distinct advantage for many installations. 

Further development was made possible by in- 
creasing the space available inside of the tanks, per- 
mitting the physical dimensions of the transformer 
to be increased. Improved electrical characteristics 
were obtained by mounting the primary and secondary 
coils concentrically upon one leg of the core and 
increasing the number of ampere-turns and cross- 
section of core. The characteristics thus obtained 
made the transformer suitable for metering. The 
mechanical strength of the transformer as a unit, and 
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also of its mounting in the oil circuit breaker, were 
also greatly improved by this construction. 

The insulation between the primary and secondary 
coils presents a rather unusual problem because of the 
possibility of the transformer being operated, at times, 
in oil of reduced dielectric strength. It is also neces- 
sary to provide for a possible accumulation of carbon 
and other deposits which may adhere to the surface 
of the insulation. 

A type of construction for the major insulation, 
which has proved highly satisfactory, consists of 
concentric tubes of laminated phenol compound sup- 
ported on rings of the same material. Shoulders are 
turned on the tubes and the supporting rings are 
pressed against them so that the tubes cannot slip 
along their axis. The free circulation of the oil between 
the tubes is insured by perforating the supporting 


Fig. 1—73-Kv. Om Circuit Breakers WitH Moprern WounpD 
TRANSFORMER 


rings. This construction provides for a very long 
leakage path between the primary coil and ground. 

Additional leakage surface is obtained by applying 
a porcelain tube with a corrugated flange at each end 
of the Bakelite insulating tube. 


MODERN DESIGNS OF TRANSFORMERS 


Figs. 1 and 2 show typical transformers of this con- 
struction. The outer coil is the primary which in the 
transformer illustrated is wound in two sections. Links 
are provided to permit the sections to be connected, 
either in series or parallel to obtain two different ratios. 
The secondary coil is wound on a tube which fits against 
the core, directly under, and concentric with the 
primary coil. The secondary leads can be seen, 
running out to the secondary terminal block at the top 
of the transformer. The symmetrical arrangement 
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of the coils limits the mechanical forces, due to heavy 
primary currents, to a minimum. 

The mounting of a current transformer in an oil 
circuit breaker tank calls for particular care because of 
the mechanical shocks to which the transformer is 
subjected during the interruption of the circuit by the 
oil circuit breaker. It has been found that if very 
substantial support is given to the core of the trans- 
former it will withstand these shocks without sustaining 
any injury. 

Fig. 1 shows a typical mounting of one of these trans- 


Fig. 2—Comparison or 132-Kyv., 73-Kv., 37-Ky., anp 25-Kyv. 
‘ TRANSFORMERS 


formers in a multiple-break oil circuit breaker of the 
rotary type. The core is rigidly held by a bracket 
which is secured to the cover of the oil circuit breaker. 
The primary coil is in turn fastened to the lower end of 
the entrance bushing by means of heavy copper links. 
The location of the transformer relative to the contacts 
of the breaker is such that it is at no time endangered 
by proximity to the ares, which are drawn upon opening 
the breaker. In extreme cases, where the number of 
instruments to be operated exceeds the capacity of 
one transformer, two of these transformers can be 
mounted in each phase of the oil circuit breaker. In 
this case one transformer is applied to each of the 
entrance bushings. 


In some of the earlier transformers of this type 
trouble was experienced due to surges causing a failure 
of the insulation between turns in the primary coil. 
Various protective devices were tried. It was found 
that by applying very generous insulation between 
turns on the primary all trouble from this source was 
eliminated and that protective devices to shunt the 
surges across the primary coil were unnecessary. 

A line of transformers has been developed to cover 
voltages from 25 kv. to 182 kv. The general construc- 
tion of these transformers is fairly uniform for the 
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entire range of voltages. Fig. 2 shows the relative 
size of some of these transformers. The smallest 
transformer shown is rated at 25 kv. The next larger 
transformer is a special design and is provided with a 
eylindrical barrier around the primary coil to permit 
its installation in a 37-kv. circuit breaker which has 
a very limited space for the transformer. The third 
transformer is for mounting in a 73-kv. oil circuit 
breaker, and the largest one is for mounting in a 132- 
kv. oil circuit breaker. 

This type of transformer has been developed to cover 
the range of ratios from 5/5 up to 400/5. The primary 
ampere turns on the lower ratio transformers is ap- 
proximately 1000, while on the higher ratios 1200 
ampere-turns are used. This variation in ampere- 
turns is brought about by the necessity of providing for 
the additional insulation in the lower ratio primary 
coils, which have a large number of turns. The 
characteristics of the transformers are only slightly 
affected by this variation in the number of ampere- 
turns for the different ratios. 


APPLICATIONS 
The application of wound type current transformers 
in the tanks of oil circuit breakers is particularly ad- 
vantageous in meeting two distinctly different require- 
ments. One of these cases is where it is necessary to 
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Fig. 3—CuHaARACTERISTICS OF WOUND TRANSFORMER 


X 2.5 Volt-amperes, 90 per cent power-factor burden 
Y 15 Volt-amperes, 90 per cent power-factor burden 


operate watt-hour meters for measuring small amounts 
of power, where the required accuracy cannot be ob- 
tained from bushing type transformers. The second 
use to which these transformers can be very advanta- 
geously applied is to operate tripping relays where the 
primary current is low and the secondary burden on 
the transformer is high. 

For the first case, Fig. 3 shows the ratio and phase- 
angle curves obtained with this type of wound trans- 
formers when operating with burdens of 0.1 ohm 
resistance 0.13 wh. or approximately 214 volt-amperes, 
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90 per cent power factor, and of 0.6 ohms resistance 
0.7 wh. or approximately 15 volt-amperes, 90 per cent 
power factor. These curves are characteristic for the 
type of transformers herein illustrated over their total 
range of 5/5 ratio to the upper limit of 400/5 ratio. 
Where extreme accuracy is needed the ratios can be 
adjusted by turn compensation to get zero error at 
any per cent of primary load desired. This is ac- 
complished by the use of two parallel secondary 
windings having an unequal number of turns. By 
choosing a suitable combination of turns for these 
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Wound transformer 15 volt-amperes burden 
Wound transformer 50 volt-amperes burden 
Bushing transformer 15 volt-amperes burden 
Bushing transformer 50 volt-amperes burden 


secondary coils, the ratio for a given primary current 
and burden can be adjusted to any desired value.’ 

For the second case, Fig. 4 shows the relation between 
primary and secondary amperes of a conventional 50/5 
ratio (10 secondary turns) bushing type transformer 
and of a wound type transformer of the same ratio. 
A rating somewhat below that generally considered 
the minimum for bushing type transformers was 
chosen so as to magnify the differences between the 
two types of transformers. 

The effect of the distribution of the primary and 
secondary windings relative to the core of bushing type 
transformers has been investigated by the Committee 
on Protective Devices. (JOURNAL of A. I. E. E., 
August 1927.) Their report shows that a minor 
error may be caused by an unsymmetrical distribu- 
tion of the primary and secondary windings. In 
order to avoid any error from this cause the curves 
shown in Fig. 4 were taken from a bushing type trans- 
former in which the secondary turns were evenly 
distributed around the core, and the primary was 
carefully centered. The curves are shown for burdens 
of approximately 15 volt-amperes and 50 volt-amperes. 

A point that is occasionally overlooked in the appli- 


2. Patent No. 1,550,906. 
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cation of induction type over-current relays to current 
transformers is the excessively high burden which they 
impose on the transformer when they are connected 
on the low current taps. A type of relay frequently 
used with bushing type current transformers has a 
nominal rating of 2-volt-amperes at the tap current. 
If such a relay is connected to the transformer and 
operated on the two ampere tap the impedance of the 
relay alone is approximately equivalent to a burden 
of 12.5-volt amperes at 5 amperes secondary current 
of the transformer. 


The usual installation of high-voltage oil circuit 
breakers, requires a considerable length of wire to be 
run between the current transformers and the relays. 
Using No. 10 copper wire for the secondary leads, the’ 
volt-ampere burden added by the wire is approximately 
five volt-amperes for each 100 ft. of distance between the 
transformer and relay. The curves marked W Y and 
RY in Fig. 4 would be those resulting from the use of 
a two-volt ampere induction type relay connected on the 
two ampere tap and mounted 50 ft. from the oil circuit 
breaker. Using a 50/5 ratio transformer it would be 
expected that the relay would trip the breaker at a 
minimum of 20 amperes primary current. However, 
the chart shows that while this would be true with the 
wound type transformer it would require a minimum 
of 30 amperes primary current to operate the relay from 
the bushing type current transformer. Approximately 
the same burden would be obtained with a 12-volt- 
ampere relay connected on the five ampere tap, or a 17- 
volt-ampere relay connected on the six ampere tap, 
when either relay is located 50 ft. from the current 
transformer. 


The curves marked W Z and R Z are those obtained 
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Fig. 5—400 ro 5 Ratio, Wound, AND BusHING TRANSFORMERS 


Burden 2.5 volt-amperes, 90 per cent power factor 


with a secondary burden of 50 volt-amperes, 50 per 
cent power factor. Approximately this amount of 
burden would be imposed by a 2-volt-ampere relay 
connected on the one ampere tap or a 17-volt-ampere 
relay connected on the 3-ampere tap, either of these 
being located 50 ft. away from the circuit breaker. 
In this case the bushing type transformer would require 
more than twice the primary current to operate the 
relay than that required by the wound type current 
transformer. 

It will also be seen that the ratio of the bushing type 


Oct. 1928 


transformer varies considerably throughout the range of 
primary currents and that it becomes very bad at 
from five to eight times normal current, whereas the 
wound type transformer has a very small error until 
the primary current rises to around 20 times normal. 
This characteristic of the wound type transformer 
makes it particularly suitable for use on differential 
protection of transformer banks where the charac- 
teristics of the current transformers on both sides of 
the bank must be carefully matched in order to prevent 
the operation of the relays on heavy through short 
circuits. 

The upper limit of ratios at which it is desirable to 
apply the wound type current transformer in circuit 
breaker tanks is fixed by two considerations. The 
one is a mechanical, and the other an electrical limita- 
tion. The duty required of the circuit breaker for 
rupturing heavy currents usually varies somewhat 
in proportion to the current which will normally be 
carried by the breaker. The mechanical strains placed 
on the transformer are greatly increased where the 
circuit breaker is used to interrupt very heavy currents. 


04 0.6081 CeO eT? 
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Fig. 6—400 to 5 Ratio, Wounp, anp BusHina TRANSFORMERS 


Burden, 15 volt-amperes, 90 per cent power factor 


This means that even though transformers might be 
built for heavier primary currents than 400 amperes, 
their installation in circuit breakers, which are re- 
quired to carry larger amounts of current, would in 
many cases be hazardous, because of the severe shocks 
to which they would be subjected under short circuits 
and the heavy mechanical forces which would be im- 
posed on them by the explosion when the breaker 
interrupts the circuit. A second limitation places the 
400/5 ratio as a reasonable upper limit for these trans- 
formers, because the accuracy of a bushing type trans- 
former of this ratio is approximately as good as that 
of the wound type transformer. 
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Figs. 5, 6, and 7 show the comparison between ratio 
and phase-angle curves of a conventional 400/5 ratio 
bushing transformer and of the wound type transformer 
of the same ratio. The curves have been plotted on 
semi-logarithmice scale so as to condense the portion 
of the chart beyond full load primary current. The 
curves in each case were taken without compensating 
the transformers for the particular burden. This 
permits direct comparison to be made from one chart 
to the other to observe the effect of changing the 
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Fie. 7—400 ro 5 Ratio, Wounp, AND BusHina TRANSFORMERS 


Burden, 50 volt-amperes, 50 per cent power factor 


secondary burden on either transformer. These curves 
show that for a very low burden the bushing type 
transformer has a better ratio but poorer phase angle 
than the wound transformer, and that if the burden is 
increased the wound type transformer has much better 
characteristics than the bushing type. 


CONCLUSIONS 

1. Experience has shown that wound type trans- 
formers can be safely installed in the tanks of high- 
voltage circuit breakers, in many cases, at a very sub- 
stantial saving of cost over externally mounted 
transformers. 

2. For heavy secondary burdens these transformers 
ean be built to give characteristics that are much 
better than those of bushing type transformers where 
the ratios are less than 400/5. 

3. For light burdens the wound type transformers 
offer a means of obtaining characteristics which are 
suitable for metering at low ratios where bushing type 
transformers would be entirely unsatisfactory. 


Relation between Transmission Line Insulation 


and Transformer Insulation 
BY W. W. LEWIS: 


Member, A. I. E. E. 


URING the past few years, the great majority of 
overhead transmission systems in this country 
have grounded the neutral either solidly or 

through a moderate resistance.2 Overvoltages due to 
arcing grounds on such systems are practically absent. 
Overvoltages due to switching are in general no longer 
feared on systems with modern insulation and 
apparatus. 


Lightning is the only cause of high voltage which 
gives serious concern at the present time.* In order 
to combat lightning, transmission engineers have been 
adding more and more insulation to the lines as well 
as various special arcing devices, overhead ground 
wires, ete. A great deal of work has been done in 
studying lightning and its accompanying phenomena 
by means of the klyodonograph and surge voltage 
recorder.‘ 


Laboratory work has thrown a great deal of light 
on the effect of impulses on insulation, both of appara- 
tus and transmission lines.® 


The question now arises as to whether, in the light 
of present knowledge, we can design a transmission 
line and its connected apparatus so that they will be 
reasonably safe against breakdown and interference 
to service due to lightning. Let us first examine the 
data upon which such a design shall be based. 

Sixty-cycle flashover tests on insulators have been made 
on strings of various numbers of disks. Most of these 
tests have been made on standard 10-in. disks, spaced 
534 in. apart. It has been found that the flashover 
value when plotted against length of string in inches, 
gives a straight line on log-log paper. The length of 
string is the spacing per disk times the number of 


1. Central Station Engineering Dept., General Electric Co., 
Schenectady, N. Y. 

2. Present Day Practises in Grounding Transmission Systems, 
Report of Subcommittee on Grounding of Protective Devices 
Committee, Trans. A. I. E. E., Vol. 42., 1923, p. 753. 

3. Lightning and Other Experience with 182-Kv. Steel Tower 
Transmission Lines, Sindeband and Sporn, Trans, A. I. E. E., 
Vol. 45, 1926, p. 770. 

1926 Lightning Experience on 132-Kv. Transmission Lines, 
P. Sporn, 1928. A. I. E. E. Quarterly Trans. No. 2. 

Recent Investigation of Transmission Line Operation, J. G. 
Hemstreet, Trans. A. I. E. E., Vol. 46, 1927., p. 835. 

4. Klydonograph Surge Investigations, Cox, McAuley, and 
Huggins, Trans, A. I. E. E., Vol. 46, 1927, p. 315. 

Measurement of Surge Voltages on Transmission Lines Due to 
Lightning, Lee and Foust, Trans, A. I. E. E., Vol. 46, 1927, p.339. 

5. Lightning and Other Transients on Transmission Lines, 
F. W. Peek, Trans. A. I. E. E., Vol. 43, 1924, p. 1205. 

Presented at the Northeastern District No. 1 Meeting of the 
A. I. E. E., New Haven, Conn., May 9-12, 1928. 


disks. ‘The curve may also be used for insulators of 
other spacings not differing greatly in proportions from 
the 10-in. disk spaced 534 in. apart. In this case, it is 
only necessary to multiply the spacing per disk by the 
number of disks, and enter the curve with the total 
distance. Table I gives the length of string and 60 
cycle flashover for strings of 10 in. disks spaced 534 
in. apart. The flashover values are plotted against 
number of disks on Fig. 1. 

The impulse flashover of such insulator strings 
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Fig. 1 


assumes various values, depending on the nature of 
the impulse, the steepness of its front, the slope and 
length of its tail, etc. Numerous tests have been 
made with the standard wave of the High-Voltage 
Laboratory at Pittsfield on insulator strings of various 
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lengths, and these tests have been repeated with a 
great deal of consistency. 

The Pittsfield wave is a single impulse with a very 
steep front, rising to its crest value in approximately 
one-quarter microsecond or less, (depending on the 
load on the test set), and then decreasing to 50 per cent 


of the crest value in approximately five microseconds, 


7. e., the portion of the wave above 50 per cent crest 
value is approximately one mile in length. This wave 
is represented in Fig. 2. 

The manner of making the tests is to impress on the 
insulator string such a voltage that the arc-over takes 
place somewhere on the tail of the wave. The actual 
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flashover value is determined by adjusting a sphere-gap 
in multiple with the insulator string until about one- 
half of the flashovers take place over the insulator 
string and one-half over the sphere-gap. The setting 
of the sphere-gap is then taken as a measure of 
the flashover potential. The values thus determined 
(Table I), plotted against length of string, again form a 
straight line on log-log paper somewhat above the 60- 
cycle values (Fig. 1). 

The ratio of the impulse flashover to the 60-cycle 


TABLE I 
FLASHOVER OF INSULATOR STRINGS BASED ON 10-IN. DISKS 
SPACED 5% INCHES 


Length of 60-cycle Impulse 
No. disks string inches arc-over ky. eff. |arc-over kv. max. 
3 17.25. 200 470 
4 23. 255 610 
5 28.75 305 750 
6 34.5 355 890 
v { 40.25 400 1020 
8 46. 445 1150 
9 51.75 490 1280 
10 57.5 540 1410 
11 63.25 580 1520 
12 69. 620 1660 
13 74.75 660 1780 
14 80.5 700 1900 
15 86.25 745 2020 
16 92. 785 2140 
17 97.75 820 2260 
18 103.5 865 2380 


maximum or crest flashover is called the impulse 
ratio.6 It will be seen that this varies from approxi- 
mately 1.5 to 2 within the range of the curves. A 
fair average would be 1.8. 

If an extremely high potential is applied as compared 
with the flashover value of the insulators on the tail of 
the wave, then flashover will take place on the front of 
the wave. For the particular wave we have been dis- 
cussing, it has been found that the flashover values 
thus found are very consistently about 20 per cent 
greater than the values determined when the flashover 
takes place on the tail of the wave. For other waves, 
of course, there may be a somewhat different relation 
between flashover on the front and tail of the wave. 

In actual practise, flashover of insulator strings may 
take place either on the front of the wave or on the tail 
of the wave, and sometimes even on the crest of the 
wave. In case flashover takes place on the front of the 
wave, then only a small portion of the wave passes on 
to the rest of the line and station apparatus (Fig. 3A.) 
When flashover takes place on the tail of the wave, 
a longer portion of the wave passes on, and as this 
represents a greater amount of energy, the wave is 
capable of doing considerable damage if it reaches 
station apparatus (Fig. 3B). If the value of the 
wave is not quite sufficient to flash over the insulator 


6. Effect of Transient Voltages on Dielectrics, F. W. Peek, 
Trans. A. I. E. E., Vol. 34, 1915, p. 1857. 
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string either on the front or the tail, then the full 
wave will pass on toward the station (Fig. 3c). In 
each case, there may be considerable attenuation along 
the line before the wave reaches the station. 

Some data have been taken on oil-filled bushings and 
pedestal type insulators, such as used on disconnecting 
switches. These data indicate an impulse ratio 
slightly higher than for line insulators. There appears 
to be a similar difference of approximately 20 per cent 
between the flashover value on the tail of the wave and 
on the front of the wave with the particular wave used 
in the tests. 

During the past few years, numerous data have 
been accumulated by means of the klydonograph and 
surge voltage recorder, which has indicated the maxi- 
mum voltage to be expected on transmission lines with 
present standards of insulation to be in the neighbor- 
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hood of 10 to 12 times the crest value of the line to 
neutral voltage of the system.+ 

Table II gives the average number of insulator disks 
used on actual systems, also the minimum and maxi- 


TABLE It 
INSULATION OF ACTUAL LINES 
Crest value No. of Ratio 


line to insulator disks impulse 
System neut. Impulse to 
voltage voltage Weighted | flashover normal 
kv. kv. Range average ky. voltage 
66 54 4-6 5 750 13.9 
88 72 5-7 6 890 12.4 
110 90 6-9 4 1020 23.5 
132 108 9-12 10 1410 13.1 
154 126 10-12 10 1410 11.2 
187 153 10-12 10 1410 9.2 
220 180 12-16 13 1780 9.9 


mum number of disks for the various standard system 
voltages, the data being compiled mainly from the 
Electrical World Supplement of January 38, 1925. 
The impulse flashover value is given also. From this 
table it will be noted that the impulse lashover value 
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is in the neighborhood of 10 to 14 times the crest value 
of the normal line to neutral voltage. This, together 
with the results of the klydonograph study, would 
indicate that the impulse flashover values given in 
Fig. 1 are fair values to use for the type of impulse 
which causes flashover on actual systems. 

According to Mr. F. W. Peek’s investigations, we 
may take the maximum potential gradient which may 
be induced on a transmission line by lightning as 
approximately 100 kv. per ft. of height of conductor. 
Actually, there have been measured by surge-voltage 
recorder, potentials which indicate gradients as high 
as 40 kv. per ft. of height. The readings obtained are 
subject to the fact that there is no assurance that the 
surge voltage recorders were located at the point of 
highest potential. The potentials are naturally limited 
by the insulator flashover, and such flashover potentials 
would require gradients in some cases as high as 60 kv. 
per ft. of height. 

Assuming that the maximum potential gradient of 
100 kv. per ft. of height can be obtained, and assuming 
further, that the flashover values given in Fig. 1 are 
substantially correct, then we have a means of deter- 
mining whether or not a particular line will be sub- 
jected to flashover. 

Mr. Peek, in his laboratory investigations, has deter- 
mined fairly well the effectiveness of overhead ground 
wires. The protection afforded by the overhead 
ground wire depends on the distance of the ground wire 
from the conductors, on the height of the conductors 
above ground, and on the size of the ground wire and 
conductors. Generally speaking, however, any one of 
these factors may be varied within the range of prac- 
tise without affecting the protective ratio to any great 
extent. The resistance of the connection to ground also 
has considerable influence on the protection. 

Tables III, IV, V, and VI give comparative protective 
ratios for various average arrangements of practical 
transmission lines, assuming ground connections of low 
resistance. These values have been worked out by 
Messrs. Peek, Lloyd, and Clem and are based on calcula- 
tion and tests on laboratory models. It is believed that 
they are fair values to use, although it is difficult to 
verify them definitely on actual transmission lines, 
except by a comparison of operating experience with 
and without ground wires.’ 

The values in Tables III to VI are given with con- 
siderable apparent accuracy, merely for the purpose of 
bringing out the difference between the various arrange- 


ments. _ However, in using values from the tables for 
calculations, they should be considered quite 
approximate. 


The tables show ratios considerably greater than can 
be obtained by calculation with the classical formulas. 
Mr. C. A. Woodrow has offered an explanation of this 
as follows: 


The potential gradient at the surface of the 
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TABLE III 
EFFECT OF GROUND WIRES ON EXCESS VOLTAGE, 
CONDUCTORS HORIZONTALLY ARRANGED 


Protective Per cent decrease 

Arrangement ratio in excess voltage 
(1) 0.45 55 
000 (2) 0.45 55 
1 2.3 (3) 0.52 48 
x (1) 0.37 63 
000 (2) 0.32 68 
(3) 0.37 63 
(1) 0.50 50 
(2) 0.44 56 
000 (3) 0.50 50 
: (1) 0.30 70 
000 (2) 0.27 73 
(3) 0.30 70 
(1) 0.32 68 
o0oo°0O (2) 0.28 if 
(3) 0.32 68 
(1) 0.34 66 
000 (2) 0.31 69 
(3) 0.34 66 


o Indicates conductor 
Indicates ground wire 


Voltage with ground wire 


ERO GEA NGM Gc Voltage without ground wire 


TABLE IV 
EFFECT OF GROUND WIRES ON EXCESS VOLTAGE 
CONDUCTORS VERTICALLY ARRANGED 


Protective Per cent decrease 


Arrangement ratio in excess voltage 
fo) (0) (1) 0.42 58 
fo) Co) (2) 0.52 48 
(0) (o) (3) 0.62 38 
(0) (0) (1) 0.33 67 
(0) oO (2) 0.39 61 
{0} (0) (3) 0.48 52 
fo) Co) (1) 0.40 60 
fo) fo) (2) 0.45- 55 
fo) (0) (3) 0.42 58 
(0) (0) (1) 0.46 64 
0 (0) (2) 0.38 62 
(0) (0) (3) 0.44 56 
(0) (0) (1) 0:28 72 
(0) fo) (2) 0.33 67 
(e) oO (3) 0.41 59 


o Indicates conductor 
Indicates ground wire 
Voltage with ground wire 


eye HOA ~ Voltage without ground wire 


conductors and ground wire under lightning conditions, 
greatly exceeds the rupturing potential gradient of air. 
The air breaks down, forming corona, thus in effect 
enlarging the diameter of the conductors and ground 
wire. This, in turn, increases the capacitance between 
conductors and ground wire and correspondingly de- 
creases the induced voltage on the conductors. 

In placing ground wires it is desirable to adhere to the 
following general rules. 
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TABLE V 
EFFECT OF GROUND WIRES ON EXCESS VOLTAGE 
CONDUCTORS HORIZONTALLY ARRANGED 


_ Protective Per cent decrease 
Arrangement ratio in excess voltage 
000000 (1) 0.50 50 
123456 (2) 0.42 58 

(3) 0.36 64 

(1) 0.43 57 

oo00000 (2) 0.41 59 
(3) 0.42 58 

, . c (1) 0.39 61 
000000 (2) 0.35 65 
(3) 0.28 a2, 

ihe eo (1) 0.33 67 
oooooo (2) 0.28 72 
(3) 0.26 74 

se (1) 0.31 69 
oooooo0 (2) 0.26 74 
(3) 0.23 77 


o Indicates conductors 
Indicates ground wire 
Conductors 6, 5, 4 have same protective ratio as 1, 2, 3 respectively 
Voltage with ground wire 


ee Voltage without ground wire 


TABLE VI 
EFFECT OF GROUND WIRE ON EXCESS VOLTAGE 
CONDUCTORS TRIANGULARLY ARRANGED 


Protective Per cent decrease 
Arrangement ratio in excess voltage 
02 05 

(1) 0.53 47 
0000 (2) 0.47 53 
1346 (3) 0.51 49 
° ° (1) 0.42 58 
(2) 0.36 64 
0000 3) 0.38 62 
0 (1) 0.45 5b 
(2) 0.42 58 
0000 (3) 0.42 58 
(ue a) (1) 0.31 69 
(2) 0.32 68 
3. 0°0 0.10) (3) 0.30 70 


o Indicates conductors 
Indicates ground wire 
Conductors 6, 5, 4 have same protective ratio as 1, 2, 3 respectively 


Voltage with ground wire 


Protective Ratio = Voltage without ground wire 


1. The wires should be connected to each tower or 
connected to ground at each wooden pole. 

2. The resistance of the tower footing or the pole 
ground must be low in order to give the maximum 
protection. 

8. The ground wire should preferably be of the same 
material as the conductor, or other high conductivity 
material. This will prevent rusting and will have an 
appreciable effect in reducing the impedance of the 
system to line-to-ground short circuits. It will also 
reduce telephone interference by shunting a good por- 
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tion of the short-circuit current away trom the ground. 

4. The ground wires should terminate at the station 
structure rather than at the first or second tower out 
on the line. This assures that the last span or two near 
the station, will be protected, and that there will be no 
abrupt change in the surge impedance of the line at 
the terminal of the ground wire. Such a change in 
surge impedance tends to cause an upward reflection 
in the voltage of a wave arriving on the transmission 
line. 

The conductivity of the ground wire apparently 
has very little effect on its protective value, as the 
protective value depends on the reduction in charge on 
the line conductors and the increase in capacitance of 
the conductors to ground, and this is independent of 
the material of the ground wire. High conductivity is 
very beneficial, however, in relaying and in preventing 
telephone interference as previously mentioned. 

Now, if we know the potential gradients which may 
be due to lightning, the flashover value of the line 
insulators and the protection afforded by overhead 
ground wires, we are in a good position to determine 
what must be done to render the transmission line 
fairly safe from insulator flashover. 

In Table VII are given the actual average heights of 


TABLE VII 
HEIGHT OF ACTUAL LINES AND INSULATION REQUIRED TO 
PREVENT FLASHOVER 


Average Potential No. 
height Possible with two of ins. Flashover 
of lowest | lightning | ground wires disks of 
conductor | potential | conductors required insulator 
System at tower 100 ky. horizontally | to prevent disks 
voltage feet per ft. arranged flashover ky. 
> 
66 35 3500 1290 9 1280 
88 39 3900 1440 10 1410 
110 47 4700 1740 13 1780 
132 47 4700 1740 13 1780 
154 50 5000 1850 14 1900 
187 50 5000 1850 14 1900 
220 56 5600 2070 16 2140 


the lowest conductor at the tower for the various stand- 
ard system voltages as disclosed mainly from a study 
of the data given in the Electrical World Supplement of 
January 3, 1925. In this table are given also the 
potentials which may be obtained with a gradient of 
100 kv. per ft. Comparing these potentials with the 
flashover value of the line insulators in Table II, we 
see that it is possible to have insulator flashover under 
the assumed conditions for every system voltage. 
Assuming the average heights shown in Table VII 
and a horizontal arrangement of conductors with two 
overhead ground wires placed above and between the 
conductors, the potential induced on the conductors 
will be reduced to approximately 37 per cent of the value 
without ground wires; 7. e., to the values shown in the 
fourth column of Table VII. Now, in order to prevent 
flashover, it will be necessary to use the number of 
insulator disks shown in the fifth column of the table. 
The insulation required to produce immunity in this 
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manner is considerably higher than the present 
standard. 

Of course, if the conductors were arranged vertically, 
the situation would be still less favorable. For ex- 
ample, let us assume the heights for top, middle, and 
bottom conductor shown in Table VIII. Then the 
potentials without ground wire at 100 kv. per ft. of 
height would be as given in the third column of the 
table. Now assume that there are two ground wires 
placed vertically above the two circuits of a double 
circuit arrangement. Using the protective ratio given 
in Table IV, we should arrive at the potentials given in 
the fourth column of Table VIII. In order to prevent 
flashover in this case, it would be necessary to use the 
number of insulator disks shown in the fifth column 
of this table. 

Mr. Peek has found that grading rings, properly 
proportioned and properly located, will increase the 
flashover value of a string of insulators, (especially 
strings containing 10 disks and over), approximately 10 


TABLE VIil 
VERTICAL ARRANGEMENT OF CONDUCTORS, POTENTIAL 
INDUCED, AND INSULATION NECESSARY TO PREVENT 


FLASHOVER 
Potential {| Potential | No. of 
without with two insulator 
ground ground . disks 
Conductor) wires 100 | wires 100 | required Impulse 
Height kv. per ky. per | to prevent flashover 
Conductor fe ft. ; ft. flashover ky. 
Tepe = 75 7500 2450 | 19 2500 
Middle... - 60 6000 2340 ; 18 2380 
Bottom. -- 45 4500 2160 16 2140 


to 15 per cent and this effect may be taken advantage of 
in reducing the number of insulator disks or in increased 
factor of safety. 

It is apparent from this study that the potential 
induced on a transmission line is independent of the 
operating voltage, except in so far as the height of the 
conductors and the number of imsulator disks is 
aifected by the operating voltage. In selecting the 
number of insulator disks, it may not be necessary to 
consider the extreme potential gradient of 100 kv. per 
ft. of height. A gradient of 75 kv. per ft. will probably 
be sufficient to cover the great majority of cases, and 
a line insulated for this gradient would no doubt be 
immune from flashover except in rare instances. 

Now, what is the situation as regards apparatus 
insulation, especially transformer insulation. The in- 
sulation of power transformers is designed to withstand 
a certain 60 cycle high potential test, this high potential 
test being, for fully insulated transformers, two times 
the line-to-line voltage. The test is applied from 
high tension winding to low tension winding and 
ground. In the so-called reduced insulation trans- 
formers, which are built for operation with solidly and 
permanently grounded neutral, an induced voltage 


test of 2.73 times the leg voltage is given to the trans- 
former windings. 
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Naturally the designers build into the transformer a 
factor of safety over the Institute test. Such a 
factor of safety has been worked out by experience and 
has proved ample to meet the various switching and 
arcing ground surges to which transformers are 
subjected. 

With the range of line insulation shown in Table II 
it has been possible for transformers to be subjected to 
lightning voltages from 10 to 14 times the normal 
operating voltage with the average line insulation and 
more than that with the maximum insulation shown in 
the table. Such voltages, of course, are subjected to the 
modification caused by lightning arresters, the capaci- 
tance to ground of steel work used in supporting bus 
structures, etc. Also on any system probably only a 
fraction of the lightning discharges takes place near 
stations. However, it is reasonable to suppose that 
transformers have been subjected many times to ten 
times normal voltage. Transformers have operated 
under these conditions with remarkable success, the 
failures due to all causes including lightning, being 
only a fraction of one per cent per year. 

It is reasonable to conclude that fully insulated 
transformers with present standards of insulation will 
operate successfully on systems with present average 
insulation. If such line insulation is increased, as 
now seems to be the tendency, then the transformer 
insulation must be correspondingly increased, unless 
the present standard line insulation is retained for a 
reasonable distance adjacent to the station, say, one- 
half to one mile. 

If fully insulated transformers are on a par or slightly 
stronger than the present average line insulation, then 
it is apparent that reduced insulation transformers are 
too weak, as their strength is only about 80 per cent of 
that of fully insulated transformers. Reduced insula- 
tion transformers for this reason have no place on 
systems subjected to much lightning, unless the adjacent 
line insulation is correspondingly reduced. 

In order to protect transformers now in operation 
and future transformers with standard insulation, it is 
recommended that the line insulation adjacent to 
stations be not increased beyond the values given in 
Table IX for at least one-half mile from the station. 

TABLE IX 
RECOMMENDED LINE INSULATION 


Recommended 60-cycle | Corresponding number 
are-over of line of 10-in. disks 
System voltage kv. | insulators—kv. effective spaced 534 inches 


Beyond that point there is no objection to increasing 
the line insulation to any value required to give good 
operation. Such a practise on the part of the operating 


ee 


Oct. 1928 


companies will give the manufacturers a definite 
standard with which to compare their apparatus design. 

If for any reason it is desired to increase the line 
insulation adjacent to the station, then the apparatus 
insulation should be increased correspondingly. 

In cases where it is thought desirable to increase the 
line insulation and it is feared that maintaining normal 
insulation near the station will increase the number 
of flashovers, this may be compensated for by placing 
additional ground wires over this portion of the line, 
thereby reducing the potential induced by adjacent 
cloud discharges to correspond to the reduced number 
of insulator disks. Such ground wires should extend 
to the stations and, in some cases, over the stations, in 
order to insure that the station apparatus secure the 
full benefit of the ground wires. 

The impulse flashover value of standard General 
Electric bushings is, in general, on a par with the line 
insulation strength. If a wave gets by the line insula- 
tion without flashing over, and reflects to a higher 
magnitude on reaching the transformer winding, 
the bushing may flash over and thus offer a means of 
relieving the transformer insulation. The character and 
type of waves are so varied that neither the line insula- 
tion nor the bushing may be depended upon to protect 
the transformer in all cases. All that can be saidis thatif 
their flashover value is not too high with respect to the 
transformer strength, there is a pretty good chance 
that they will flash over and relieve the transformer of 
at least the greater part of the energy of the wave. 

Sometimes power companies call for an especially 
tall bushing, where the transformer is operated in a 
district subject to smoke, dust, salt spray, ete. These 
foreign materials together with moisture reduce the 
flashover voltage of the bushing. In these cases the 
long bushing may be used to improve the creepage 
situation, and the impulse flashover may be kept down 
to correspond with the transformer insulation by a 
suitable auxiliary ring or horn.gap. Such increased 
length bushings may afford only temporary relief from 
creepage as in time dirt will accumulate and their 
flashover voltage may be reduced to a value comparable 
to that of a standard bushing. Frequent cleaning 
may be necessary in either case. 

In order to provide a further assurance of successful 
operation and take care of surges of all kinds, it is 
necessary to by-pass the incoming surge. The cheapest 
and most effective present form of such a by-pass, is a 
lightning arrester. 

Mr. K. B. McEachron found that by means 
of the cathode ray oscillograph, lightning arresters 
of the oxide film type will hold down the voltage to 
approximately 1 to 1.8 kv. per cell, depending on the 


LEWIS: TRANSMISSION LINE AND TRANSFORMER INSULATION 


997 


steepness of the wave front.? The value of 1.8 kv. per 
cell corresponds to the standard Pittsfield wave which 
we have been discussing, and probably also to the 
steepest waves likely to be encountered in service. 
Such an arrester, if placed directly at the transformer 
terminals or as near to the transformer terminals as 
physically possible, will prevent appreciable reflection 
and hold down the voltage to a value that is safe under 
all conditions. 

In selecting arresters, the number of cells for a given 
system is varied, depending on the dynamic overvoltage 
which may be expected when the load is dropped, in 
which case the over-speeding of the prime mover and 
the regulation of the generator may cause a considerable 
rise in voltage. If this dynamic voltage can be kept 
to a low value by distribution of load and relaying of the 
system, or if it naturally comes to a low value owing to 
the characteristics of generator and prime mover, 
then a fewer number of cells may be used and still 
better protection may be secured. This is a very 
important point and one that should be taken into 
consideration in all cases. 

To summarize: We have shown that it is possible 
to increase the safety of transmission lines and appara- 
tus from lightning disturbances by adhering to the 
following principles: 

a. Construct the transmission line so that the con- 
ductors are as near to the ground as the necessary 
clearances will permit, and preferably build the line 
with the conductors horizontally arranged. 

b. Install one or two overhead ground wires in 
accordance with the design of the tower and the re- 
quirements for reduction in potential imposed by the 
height of the conductors. 

ce. Use sufficient insulation on the line to prevent 
flashover with the maximum potential gradient that 
may be obtained with the number of ground wires used. 

d. Maintain recommended insulation (Table IX) 
for one-half a mile or so from the station in order to 
protect station apparatus. Over this section, additional 
ground wires extending to the station may be used in 
order to place this section on a par with the over 
insulated section as far as flashovers are concerned. 

e. Install lightning arresters immediately adjacent 
to the transformers so as to prevent reflection and hold 
down the potential to a comparativly low value. 


Discussion 
For discussion of this paper see page 1009. 
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Synopsis.—Experience on high-voltage transmission lines has 
shown numerous failures of apparatus which have indicated a 
decided lack of coordination of the insulation strengths of the various 
parts of the transmission system. Apparatus offered by manu- 
facturers for a given service shows wide variations in insulation 
values. Again the flashover and the breakdown values are not at 
present sufficiently standardized to be comparable among manu- 
jacturers of the same piece of apparatus. The standard tests on 
different types of apparatus are not properly correlated. 

This paper, besides discussing the above situation, points out the 
causes for the present status, and indicates the benefits to be derived 
by grading the insulation on the entire system. Predetermining the 
point of electrical breakdown on the system in the case of high voltage 
surges leads most logically to grading the insulation. This grading 
should result in fewer major service interruptions, with a localization 
of trouble on a link of the system where repairs can be made easily 
and inexpensively. 


I. INTRODUCTION 


HE idea that it ought to be possible to place insu- 
T lation strength of the various portions of a trans- 
mission system on a rational basis, instead of the 
present more or less haphazard basis, is perhaps not 
new, and has undoubtedly occurred to many. It has 
not occurred to a large enough group, however, or not 
with potency enough to bring about any action. To 
the writer the idea first occurred three or four years ago, 
because the problem was forcefully called to his atten- 
tion by operating experience. In one particular case, 
a 23,000-volt belt was placed around a city. The line 
was well over-insulated; in fact, it was equipped with 
45,000-volt pin insulators of an especially liberal design. 
The following year oil circuit breakers were placed on 
the loop for sectionalizing purposes. In the first sum- 
mer of their operation an epidemic of broken bushings 
on oil circuit breakers, current, and potential trans- 
formers broke out. This led to an investigation of the 
relative insulation values and strengths of the line 
insulators and of the bushings of the oil circuit breakers 
and of the current and potential transformers. 


In another instance, with a system voltage of 23,000 
volts, standard 37,000-volt oil circuit breakers were 
employed, but the potential transformers and the high 
voltage metering equipment used on the system was 
standard 25,000-volt equipment. Here it was found 
that the trouble was concentrated on the metering 
equipment and potential transformers, whereas the oil 
circuit breaker bushings were comparatively free from 
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The paper points out that additional information is required on 
surge voltage breakdown of insulation to solve the problem completely 
but shows that with the present information available a start in 
grading can be made. The different links in the transmission chain 
are tabulated according to their relative importance and with this as 
a starting point, the entire grading scheme is developed to the point 
of showing relative 60 cycle insulation strength required of the 
different apparatus used on a transmission system. 

It is shown: 1, that transmission systems in general, at the present 
time, are designed without proper consideration from the standpoint 
of surge voltages which may be imposed upon them; 2, that the grading 
scheme proposed is possible, although requiring additional operating 
data and data from the manufacturers to be fully effective; 3, that 
grading should result in less costly designs and installations; 4, 
that the net effect will be better performance of the transmission 


system in service. 
* * * * * 


trouble. On still another system, the transformers 
employed were not standard transformers but were 
transformers designed and tested for three times normal 
line potential instead of the standard double line poten- 
tial. The insulators, however, employed for insulating 
the bus and the disconnecting switches, were standard 
pin type insulators of the approximate rating of the line. 
Here practically no trouble was experienced with the 
transformers or their bushings, but a considerable 
amount of trouble was experienced with the bus insu- 
lators due to flashover and breakdown. 

All this experience naturally led to the idea that the 
probable cause of trouble was that a certain part of the 
system was insulated without regard to the insulation 
strength of the component parts of the system, and that 
it was quite possible that the particular part which was 
heavily insulated was not the right one. This sug- 
gested that it ought to be possible to place the entire 
problem of insulating the various parts of a transmission 
system on some rational basis, strengthening or weaken- 
ing either one part or another in accordance with a 
preconceived and planned system of grading. 

Experience gathered since then has shown the 
desirability of working out some such idea A great 
deal of this experience has been on a 132,000-volt sys- 
tem. All of it, however, tended to show definitely that 
some such plan ought to be evolved and that a con- 
siderable saving in labor of design and a considerable 
improvement in the quality of service of the trans- 
mission system could be secured if such an arrangement 
were adopted. 

The present paper is to be regarded not as a complete 
solution but rather an attempt at the beginning of 
this problem. 
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II. PRESENT STATUS IN REGARD TO TRANSMISSION 
INSULATION 


Perhaps no better illustration of the present chaotic 
condition with regard to insulation strength and ratings 
can be obtained than by an excursion to catalogs of 
the various manufacturers. Consider the status among 
the insulator and bushing manufacturers. In Tables 
I, II, and III are shown the flashover values of 132-kv., 
70-kv., and 45-kv. post type insulators of various 
manufacturers. The flashovers are in many cases 


TABLE I 
132-KV. POST TYPE INSULATORS 


Manufacturers A B Cc D E 
Mating ACV.) scan oceans: “53 165 200 140 132 
Pry Wee (EW. aes crest 355 390 398 448 390 
Web MIO) Gee yf dee 285 315 320 370 287 
Shells per unit.......... 3 3 4 1 1 
Units per post.......... 3 3 3 8 8 
Diameter (in.).......... 17 17 17 14 11-1/8 

*Manufacturer does not rate 
TABLE II 
70-KV. POST TYPE INSULATORS 

Manufacturers A B Cc D E F G H I 
eating cy.) 228 fae. 2 70| 70) 72 66 73 | 73) 66) 76) 70 
DF adel AM ONG | a, 15) eR ee 180 | 192 |215} 240 | 200 | 195 | 215 | 215 | 218 
WS aOe EUs) sacred ans 137 | 145 148 | 150 | 145 |135/]150] 150 
Leakage dist. (in.)...... 381%4| 39 |37% 5044/50%4| 35 |40%| .. 
Shells per unit.......... a 4 4 Ae 5 3 4 4 
Units per post.......... 1 if 1 4 Db 1 1 1 1 
Diameter (in.).......... 15| 14] 15 {11-1/8] 16] 16|13%| 14] 16 


TABLE III 
45-KV. POST TYPE INSULATORS 


Manufacturers) A | B | C |D)|E F G H I J} IK 


45| 45 | 45] 45) 45] 50 “44 40} 50} 45] 45 


Rating (kv.).. 

Dry F. O. (kv.)| 170 143 | 140 | 130 | 135 198 | 145/190] 131/140 
Wet F.O. (kv.)} 95] .. 95| 90] 95|100 115, } 210) 121) 81 
Leakage dist. 

(a bet ae ys ee 2144) 25 |1744|1814|22%| 25 a3 ate sue ae 25 
Shells per unit 2 3 3 2 3 3 1 2) 3 3 3 
Units per post 1 1 1 1 1 1 3 1 1 1 1 
Diameter (in.) '1044| 11110441 11] 914|104%/11-1/8] 12|13%! .. [1014 


given in the catalog. In other cases they could be 
obtained only asa sort of special favor. From a surface 
inspection it will be seen that variations in flashover of 
from 25 per cent up to 33 per cent are not at all unusual. 
Yet not all is seen on the surface. Some of the values 
listed are sphere-gap determinations, others are needle- 
gap determinations, and still others are given as test 
values and not as flashover values at all. The manu- 
facturer did not hesitate to give the apparatus a voltage 
rating; acting on the assumption, presumably, that he 
was perfectly competent to perform such a function, 
and that it was not at all necessary for the user of the 
apparatus to know the basis on which the rating was 
arrived at. That this indicates a looseness in arriving 
at ratings is apparent. 

No better condition exists in the bushing situation, 
and Table IV shows that up fully. For example, be- 
tween manufacturer A and manufacturer C on 132-kv. 
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TABLE IV 
HIGH-VOLTAGE PORCELAIN BUSHINGS 
Manufacturer A B. Cc D 
dry or wet ———_ | |__| |__| —__—|—_ }—_—_— 
voltage rating Dry | Wet | Dry | Wet | Dry | Wet | Dry | Wet 
S15 lo ete Se Ors A aie 120 95 | 155 | 120 | 140 | 112 | 115 7 
AE ores a eats hy 160 | 130 | 180 | 150 | 180 | 145 | 140 | 115 
GG-koves =). ccs cc dee 0s 190 | 150 | 240 |} 200 } 215 | 180 | 170} 1 
MsterriC Wry atta cdl stare whe tress 300 | 200 | 375 | 280 | 385 | 330 bd 


bushings there is more than a 56 per cent difference in 
wet flashover value, when expressed in terms of the 
lower of the two values. Obviously there has been no 
scientific yardstick employed in the determination of 
ratings of their bushings by the various manufacturers, 
or else there would not be the discrepancy and variation 
shown. ‘Tables like this could be compiled to show 
similar and worse conditions among other groups of 
insulators; but it is believed that more than enough 
has been shown to indicate the general fact that the 
present system of ratings is confusing, chaotic, and, in 
fact, very often dangerous. 

The situation among the apparatus manufacturers 
may not be quite so bad, but certainly it cannot be 
called good or orderly. At the present time we have 
a group of more or less standard voltages on which the 
design classes are based; but the various groupings of 
classes are not the same for different classes of 
apparatus. Further, among these various groupings 
there are undoubtedly manufacturing classes and these 
classes may, and probably do, differ from the usage 
voltage standards. Again, various parts of specific 
designs are often not correlated and under many exist- 
ing conditions, cannot be. For example, there are 
many switch manufacturers who do not make their 
bushings; there are many transformer manufacturers 
who do not make them. It is quite obvious that as 
long as the bushing manufacturer himself is held to no 
standards in the rating of his bushings, some of that 
same confusion is bound to creep into the equipment of 
which these bushings form a part. This, of course, 
is not meant to imply that such a situation cannot occur 
and has not occurred, where all the various parts of a 
piece of apparatus have been made by a single manu- 
facturer. A number of examples came to hand recently 
in a test of some distribution transformers, on equip- 
ment that has been built now for 30 or 40 years, and for 
such a standard voltage as 2300 volts, it was found in 
some cases there was 50 per cent variation in the im- 
pulse flashover value of the bushings of transformers 
of various manufacturers. Obviously one cannot 
conclude from such experience or data that there was 
ever very much knowledge on the part of some of the 
designers with regard to the impulse flashover value of 
the bushing, or that an attempt had ever been made to 
correlate any such knowledge. 

Nor is there any better agreement among the various 
state regulatory bodies who formulate state rules and 
regulations, nor between them and the Safety Code. 
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Each one of these has attempted to lay down a set of 
minimum standards but there certainly isno unanimity 
of opinion or of rule as to what such a minimum should 
be. A glance at Curves 7 and 8 of Fig. 1 will fully bring 
this out. 

One would think that the operating companies, and 
those designing and constructing for them, would at 
least have seen the necessity for bringing some order 
into this whole problem, but it does not happen to be 


the case. The more one talks with the manufacturers, 
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1—TRANSMISSION SystTeEM INSULATION STRENGTHS 


ConDITIONS IN 1927-1928 
1 Bushing impulse voltage F. O. (general average) 
3 Line insulator impulse F. O. (based on 6 x normal 60 ~ F. O.) 
4 Line insulator impulse F. O. (based on present avg. insulation) 
5 6 times normal—tline to neutral 60 ~ voltage 
6 Line insulator 60 ~ F. O. (present avg. insulation) 
7 Min. allowable line insulator 60 ~ F. O.—National Safety Code 
8 Min. allowable line insulator 60 ~ F.O.—Public Utility Comm. of Ohio 
9 60 ~ dielectric test—Oil C. Bs.—C. Ts disconnects—A. I. E. E. dry 
10 60 ~ dielectric test power transfs.—P. Ts dry—O. CO B. wet—A.I.E.E. 
11 2% times normal line to neutral—60 ~ 
12 Apparatus rating—60 ~ 
13. Line insulation (approx. present avg—60 ~ F. O.) 
14 Line insulation (approx. present avg. impulse F. O.) 


the more one realizes the predicament in which they 
find themselves, in attempting to carry out the various 
ideas of the various organizations with regard to the 
relative values of insulations of component parts of 
apparatus. If one examines different practises one 
finds one system particularly bent on over-insulating 
its lines, another system practising over-insulating its 
transformers and havingits bushings of normal strength, 
and still another following reverse practise of having 
extra heavy bushings and normal insulation on wind- 
ings. These conditions will be found to exist in the 
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moderate voltages; and in the higher voltages they are 
sometimes even worse. : 

The effect of this entire situation is to leave one with 
a general impression that the whole matter is so con- 
fused that it would be hopeless to try to change it and 
bring order into it. In fact, the suggestion has been 
made at times that in view of the fact that things are 
working so well on the whole, it is questionable whether 
a change ought to be attempted; but with this view the 
writer finds it very difficult to agree. A glance at 
Fig. 1 makes it all the more difficult. 

In Fig. 1, Curve 12 indicates the crest value of 
various voltage ratings. Curve 11 shows, for various 
ratings, the crest value of 21% times normal from line to 
neutral. This is the maximum value of potential due 
to an arcing ground on a grounded neutral system 
where the system is grounded through a resistor below 
the critical value.! In Curve 10 are shown the standard 
A. I. E. E. test on power transformers, the wet test on 
oil circuit breakers, and also the dry test on potential 
transformers.. Curve 9 shows the dry A. I. E. E. test 
on oil circuit breakers and also test on current trans- 
formers and disconnects. Curves 8 and 7 show the 
minimum insulation strengths required by the Public 
Utility Commission of Ohio, Administrative Order No. 
72, and by the National Safety Code respectively. 
Curve 6 shows the average practise at the present time 
on line insulation values.2. The irregularities in prac- 
tise disclosed by this curve are unusually interesting. 
Curve 5 is a line drawn through points representing six 
times the normal to neutral potential. It has been 
shown! that the maximum potential possible due to 
an arcing ground on an ungrounded neutral system is 
approximately six times normal to neutral and Curve 5 
is introduced here to show the relationship between it 
and the curve of present practise. 

Curve 4 isa translation of curve 6 in terms of impulse 
flashover utilizing an impulse ratio of 1.8. Curve 3 is 
curve No. 5 translated in terms of impulse voltage 
utilizing the same impulse ratio of 1.8; and curve 1 
shows the impulse flashover of bushings for various 
operating voltages. The impulse breakdown of trans- 
formers is not given in curve form as the data on this 
subject are at present far from complete, particularly 
on transformers that are now in service and that were 
designed before the importance that is now being at- 
tached to the characteristics, as regards impulse 
strengths, was given much weight. It is known 
definitely, however, that there are many cases where 
impulse breakdown voltage is below bushing flashover 
value; that is, many cases are known where transformers 
have failed internally without having any flashovers 
across their bushings. In other words, the bushings 
failed to give them the protection that they would be 


1. See “Arcing Grounds” by G. H. Clem, General Electric Re- 
view, Vol. 31—also ‘‘Gounding the Neutral through Resistance”’ 
by W. W. Lewis, General Electric Review, Vol. 31. 

2. Electrical World, Supplement, January 3, 1925. 
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_ expected to giveif their flashovers were below the failure 
_ pomt of the transformer itself. It is hard to study 
the various curves and not come to the conclusion that 
there is a better arrangement than exists at the 
present time. 

Ill. ANALYSIS OF THE PRESENT SITUATION 

An analysis of just how the present situation came 
about may be of benefit. The present status is the re- 
sult of a large number of factors. In the first place the 
art and the industry have grown tremendously, and at 
a rate that hardly left time for detailed analysis. This 
is particularily true with regard to the transmission 
problem. In this country until 10 or 12 years ago, with 
the exception of a few isolated cases, the transmission 
problem was one of no great consequence to the average 
power company. Most of the territories relied on 
locally placed plants for ther important loads; and what 
transmission was done was for comparatively unim- 
portant load. Further, the amount of capacity in- 
volved and general spread of the system were so small 
that many of the problems with which we are confronted 
today were not known, or at least existed only m 2 
much milder form. The development during the past 
decade of networks with large concentrations of power 
has taken place under pressure oftime. Consequently, 
it is not at all surprising to find ideas that were de- 
veloped in one territory were taken over, very often 
bodily, and applied without proper evaluation, in 
another territory where an entirely different set of con- 
be followed with impunity. That undoubtedly has 
been one cause. 

Another cause has been the Ieck of knowledge with 
regard to the fundamental phenomena that are causing 
trouble. The present ideas with regard to lightning 
and sarge phenomena had been known for some time 
but it had never been possible, except with great 
difficulty, to secure actual data. Lack of facilities both 
in money and men to carry out any investigations, 
except by the isolated few, has resulted in a condition 
where only the most meager data were available on 
insalation values of insulators and structures, on the 
causes of fiashover, and on the values to be employed 
in insulation. There has not yet been published or 
disclosed, at least in this country, an oscillogram of an 
actual lightning wave. With lack of actual data, 
therefore, to prove definitely the nature of lightning 
and of surges, ample room has been left for theorization, 
and so a number of theories has arisen and flourished, 
and many installations and designs have been made on 
the basis of these with, very often, sad results under 
operating conditions. 

Again, as already stated, some of the old high-voltage 
values developed for them were based on isolated sys- 
tem operation. Today practically all of the systems 
are operated with grounded neutral yet no differentia- 
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tion has been made in the msmlation strengths of the 
two systems. Perhaps nome should be made above 2 
certain voltage, if the line imsulation is to be chosen 
Primarily with a view of its lightning flashover, but the 
point is, that if the line is to be designed from a lightning 


- standpomt, that is, if ightning is to be the predomi- 


that ought to be definitely established and the problem 
will be so much simpler. 

Another phase of the lack of knowledge of the funda- 
mental phenomena causing trouble has been the almost 
complete absence of data on lightning and switching 
surges and the trouble that they cause. This has been 
Partially remedied im the last few years by the invention 
af the kiydonograph, but the total formation avail- 
able, which has been properly analyzed, is not even half 
sufficient. 

The result of this lack of data-and mformation has 
been that even where intelligent design was attempted, 
the actual execution of such design was not at all easy. 
This, im turn, has had one direct result—trouble, and 
generally umexpected trouble. Sometimes it takes the 
form of extensive line fiashover, sometimes of extensive 
lime breakage or conductor burning; sometimes it 
appears as apparatus failure as Im transformers, dis- 
connecting switches, or oil switches. But the trouble 
will always show up ultimately, and when it does occur 
there is generally a stirring to find out the cause and 
remedy. 

Typical cases of the kind mentioned are undoubtedly 
known, but perhaps specifie cases will bring home the 
point more cleariy. Im one case. a 1500-ky-2., three 
phase, 132,000-volt transformer stepping down to 33,000 
volts failed through a lightning breakdown on the 132.- 
000-volits, volt side. The high tension coals of one of the 
former received 2 factory test according to the standard 
A. L. E. E. Rules, that is, 265 kv. to ground for one 
minute and also the standard double induced-voltage 
factory test. This transformer had a lightning arrester 
installed on the high tension sde. Im another case 2 
similar transformer located in an entirely different type 
of country, failed in one phase of the high voltage wind- 
ings. The breakdown caused a burning of two widely 
separate parts of the winding. The are jumped from 
the winding to ground in one place and from the voltage 
ratio adjuster to ground in another. This transformer 
Im both of these transformers no damage was done to 


a short time, doing very little apparent damage to the 
transformer itself, however, but resulting in each case 
im a very brief service interruption. On the fourth 
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flashover the corrugations on the low-voltage bushings 
were broken and the bushing cracked so that it leaked 
oil and had to be replaced. At the time of the last 
flashover on this transformer, a klydonograph was on it 
and the readings showed a potential difference of 
approximately 850-ky. crest between the two bushings 
where fiashover occurred, and a potential difference of 
approximately 640-ky. between the corresponding parts 
of another phase where no flashover occurred. Here 
was an instance of four cases of trouble without any 
appreciable visible damage to the transformer. Ap- 
parently the bushings acted as excellent protective 
gaps to the winding. 

Instances of trouble om pedestal-type insulators will 
be cited. Im one case a switch msulator on an air- 
break switch arced over when the charging current of 50 
mi. of 132-ky. Ime was broken through the switch. 
The same experience was obtaimed some five months 
later when the switch was made to perform the same 
operation. 

The history of the Philo-Canton Ime and the light 
this has thrown on lime imsulation practise has already 
been reported.* That this experience is not isolated 
experience is borne out by the fact that one company 


this year, after years of operation of a 110-ky. trans— 


mission Ime, has decided to imerease the number of 
ground wires and the msulation on their me. 

There are many other cases known which need not be 
cited. The maim thing is, that if operating experience 
is only investigated far enough, it will be found that 
there are plenty of data to bear out the fact that there 
exists ample trouble due to improper insulation strength 
on our transmission systems, and that this trouble shows 
up im every phase of the transmission cham. There is 
bus trouble; there is bushing trouble; there is trans- 
former trouble—for every link im the chai of the trans- 
mission system there will be found conditions where 
breakdowns occurred on that particular Imk and m 
many eases the breakdowns oceurred on a number of 
Imks at the same time. 

The difficulty of the situation ial generally arises 
when such 2 case of trouble oceurs is due to the fact 
that the average transmission system is not a labora- 
tory. Experiments cannot be carried out and the 
engmeecr is not allowed, nor should he be allowed, to 
experiment too widely. The thing that is necessary is 
to reestablish service, and quickly. The remedy that 
is therefore applied is chosen from those that ean be 
obtaimed quickly, and too often the permanency of the 
eure is M imverse ratio to the speed with which it can 
be obtaimed. 

What is generally dome in a2 case like that? The 
apparatus user appeals to the manufacturer, or to a 
group of manufacturers, for help im the solution of the 
problem. But it does not follow necessarily that the 

2 LEsgitning end Other Experience with 132-Ke. Sicel Tower 
Transmission Lines. Smmdeband and Sporn, A. L E. E. Trays, 
Vol 45, 1926. p. 770. 
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manufacturer is in a position to give any relief. Often 
the problem is beyond him, due to the lack of the 
fundamental data underlying the problem. A part 
of the blame for this, it is true, rests with the user of the 
equipment. In the past, equipment has been purchased 
with practically no attention to its characteristics 
until operating trouble focuses the attention of the user 
on those characteristics. The consequence of this has 
been that in many imstances the manufacturer has 
adopted the attitude that it is a direct reflection on his 
manufacturing and engineering ability if any question 
is raised with regard to some of these points, so that 
today the user finds himself in a position of being unable 
to get information on characteristics when he asks for 
it, or to get any sort of guarantee with regard to per- 
formance under certain conditions. And yet, if design 
is to be handled intelligently and if troubles are to be 
anticipated, all these phases have to be looked into in 
advance, and that means having the data in advance. 


IV. PROPOSED INSULATION CHAIN 


If what has been brought up till now has shown any- 
thing conclusively, it should be the fact that properly 
graded insulation values, rather than haphazard values, 
are vital and necessary under present conditions. 
The coming to the foreground of interconnection, with 
the continued expansion of the amounts of power that 
will be dependent upon transmission and transmission 
systems for their proper routing and distribution, 
combined with the higher standards of dependability, 
make it imperative that this problem, because of its 
vital importance to such continuity of service, be solved, 
and quickly. 

The problem, which is one of interest to both the 
manufacturers and the users of electrical equipment 
involved in a transmission system, is, however, of 
greater importance to the users and it would appear 
logical that they should be the proponents of such a 
movement. For after all there is a large group of 
manufacturers making equipment involved in the 
transmission chain, and each individual manufacturer 
eannot look out for more than his own particular por- 
tion. Often, indeed, different departments of a partic- 
ular manufacturing group are interested only in their 
own particular parts of a piece of apparatus. The users 
of the apparatus, however, have to take care of the 
combined troubles of all of them, and they are therefore 
the greatest potential losers under a condition where the 

The writer believes that grading can be accomplished 
by a proper study and cooperative effort. It is not 
necessarily simple, but it most surely can be done. 
There is no doubt of its importance. But yet it has 
not been done so far. 

Undoubtedly one of the causes that have blocked 
rationalization of insulation in the past has been the 
fact that the rating of apparatus has been by voltages 
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on the different classes of apparatus. Further, the 
rating while probably conforming to A. I. E. E. tests 
had very little else as a basis for the establishment of 
the particular rating. Itis conceded that the A. I. E. E. 
test is lacking in many respects since it leaves open to 
the manufacturer phases of design which have a material 
effect on its performance on the line. In many cases, 
as already pointed out, these data are not known even 
to the manufacturer. Again, one of the causes that 
has blocked rationalization has been hard economics. 
To illustrate, if a given 44,000-volt system had to 
contend in a certain district with conditions of service 
that were at least as hard on apparatus as a 73,000- 
volt system in some other district, it is difficult for the 
designer to bring himself to the point where he will 
specify 73,000-volt equipment if he is not to appear 
extravagant, particularly to his executive superiors. 
Yet in that case, what it is really necessary to specify 
is insulation strength and not voltage at all. 

All this ean be overcome by dividing insulation into 
classes, each class to contain the whole series of links used 
in the transmission chain and the entire series properly 
graded. This will be elaborated upon further. The 
idea, however, issound. Our experience with 132-kv. 
system has already been cited. We have had ex- 
perience with 66,000-volt systems which, while not 
proving conclusively, indicates fairly well that there is a 
possibility of designing a system so as to be practically 
free from insulation troubles. 


V. FUNDAMENTALS OF THE PROBLEM 


Before considering the detailed analysis of the 
various insulation classes it might be well to consider 
the causes of flashover. An insulator will flash over to 
ground or to another member when the voltage to 
ground, or to the other member, is greater than the 
insulating value of the insulator plus the supporting 
structure from the live point to ground or of the in- 
sulator plus intervening space to the other member. 
Broadly, this covers also cases of puncture. These 
overvoltages may be of several types and of several 
sources of origin: 

1. A straight overvoltage at the power frequency 
caused by a system running away, by the crossing of 
circuits of various potentials, or by some other unusual 
occurrence. 

2. An overvoltage may appear due to arcing 
grounds. This voltage may have a frequency of the 
order of thousands of cycles. Except for the isolated 
neutral systems which are rare today it will, of course, 
not appear. 

3. Overvoltages may take the form of impulse 
voltages and these, in turn, may be caused either by 
switching or by lightning. 

It has already been shown (1) that where a system 
is grounded, even with a considerable amount of resis- 
tance, the voltage due to an arcing ground can be only 
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of the order of two and a half times the line to neutral 
voltage. The cases of conditions of overvoltage due 
to running away of machines, etc., are extremely rare. 
Excluding, therefore, the cases of arc-overs due to 
particularly bad local conditions such as particularly 
bad conducting dust or soot, we get as the principal 
cause for flashover, impulse voltages. The switching 
surges will, at the maximum, be of the order of five and 
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Fie. 2—Tyricat Hies-VouTrace STATION 
1 Bus and bus tap insulators 18 Disconnect on L. A. 
2 Disconnect on bus 19 Insulator on sphere-gap 
3 Insulator—tine side bus 20 Insulator on L. A. tap 
disconnect 21 Line insulator 
4 O.C. B. bushing—bus side 22 Disconnect on bus 
5 Oil circuit breaker 23 Insulator—O. C. B. side 
6 O.C. B. bushing—tine side disconnect 
7 Insulator—tine side O.C.B. 24 O.C. B. bushing—bus side 
8 Disconnect—on P. T.—line 25 Oil circuit breaker 
side O. C. B. 26 O. C. B. bushing—trans- 
9 Bushing on P. T. former side 
10 Potential transformer 27 Insulator—transformer side 
li Disconnect—line side 0. Cc. B. 
OQ. C. B. 28 Disconnect — transformer 
12 Imsulator—tineside O. C. B. side O. C. B. 
disconnect 29 Insulator—transformer side 
13 Current transformer disconnect 
14 Bushing on C. T 30 Power transformer H. T 
15 Insulator—tlineside C. T bushing 
16 Choke coil 31 Power transformer H. T 
winding 


17 Insulator—lineside choke 
coil 


one-half times normal, but voltages so high will be 
very rare, which means again that the principal high 
voltages to insulate for are the voltages due to 
lightning. 

Let us consider a power system transmission chain, 
list all the apparatus and equipment and, if possible, 
see whether or not a definite system of grading cannot 
be worked out for the various insulation members. 
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In Fig. 2 there is shown in diagrammatic form the 
various portions of such a chain. Fig. 2 as it stands, 
is representative of a typical high-voltage generating 
station with a generator and a transmission line con- 
nected to the bus. It will be seen that some of the 
parts have been rather finely subdivided in Fig. 2, 
the reason being that it was thought that, in the first 
analysis, it would be best to go the limit in the sub- 
division of parts, and later consolidate such members 
as could be placed in the same class. 

If the generator shown on the low side of the trans- 
former in Fig. 2 is taken away and a low-voltage bus 
substituted for it, then Fig. 2 becomes the typical dia- 
gram for a combination switching and stepdown sub- 
station, and if the entire upper half of the diagram is 
taken away, Fig. 2 becomes a typical switching station 
diagram. 

Before a complete analysis and solution of the prob- 
lem is possible, it will be found necessary to have further 
data: 

1. It will be necessary to have definite power-fre- 
quency flashover values. The methods of obtaining 
these values should be more rigidly prescribed than at 
the present time. The methods of measuring at the 
present time are not rigidly enough prescribed and too 
great variations in the values of practically identical 
apparatus exist in the figures of different manufacturers. 

2. It is necessary to have definite data on the light- 
ning flashover. In this connection it is essential that 
a standard lightning wave be established at present. 
Until complete and exhaustive studies with the Dufour 
oscillograph show definitely what lightning is, it is 
essential, if confusion is to be avoided when the light- 
ning or impulse flashover is discussed, that it mean a 
definite thing. This will clear up the present situation 
where each manufacturer or each laboratory man is his 
own lightning maker, and utilizes his own ideas as to 
what constitutes a lightning or impulse wave. A 
method of measuring this particular wave should be 
definitely agreed upon. If so much is accomplished, 
it should be possible to go one step further and reach a 
definite understanding with the manufacturers that 
such data are necessary for design and that they agree 
to furnish such data to the users of their equipment. 

3. More work will have to be done on the charac- 
teristics of switching surges. Numerous data are 
available now with regard to the magnitude of switch- 
ing surges but further data are needed with regard to 
their frequency or their characteristics, and as to 
whether their effect on insulation approaches more 
closely to that of lightning or impulse wave, or more 
closely to the power frequency. 

4, More data are necessary on the protective fea- 
tures of the design of the stations themselves and 
particularly on the protective effects of various pos- 
sible incoming line arrangements, of arrangements of 
apparatus with regard to structure, and on the pro- 
tective values of lightning arresters. 


SPORN: TRANSMISSION SYSTEM 


Transactions A. I. E. E. 


TABLE V 
RATED RELATIVE IMPORTANCE OF APPARATUS ON 
LIGHTNING VOLTAGE CONSIDERED FROM POINT OF VIEW OF 


A. Minimum number of interruptions 
B. Minimum danger of complete interruption 
C. Minimum cost of repairing damaged apparatus 


PROPOSED GRADING—STRONGEST INSULATION (1) TO 
WEAKEST (81) 
H. T. Generating | H. T. Switching Step down & 


station station switching station 


Columns 1 —_ 
Order of insu- 2 3 4 5 6 v4 8 9 10 
tion strength A B Cc A B C A B oO 
1 21 ie au eer 1 Be eo Tie Psi 
2 20 2 | 25 | 20 2) |) £0220 2 | 25 
3 18 | 22 5 | 18 3A. 13> | solen2 5 
4 19 Sia) LOmeeT 9D) 4 4 | 19 Bea) 
5 170 || 23 ale Sealy ay 5 Gi ke 177) PISh ers 
6 16 4 | 30 | 16 6 9 | 16 4 | 30 
7 15) | 24. OA ais ON eae lb e e e 
8 14 5) | (2604 eas Tne 5 | 26 
9 13 | 25 7 es Ee) 9 20) alas 4 
10 i [he BBE Gol 12 We ae Dao aaee aa 6 
11 11 | 30 Gy || sal 4 8 | 11 | 30 9 
12 8 | 26 | 14 8 8 3 8 We 26> Weis 
13 9 | 28 1 9 jot 7 9 | 28 1 
14 10/3) 29)5)) <22.5) e100) S25) S12 Oe OR oom aoe 
15 Fe exe || POR yell SGV |) ahs Ta Wy 2 tandeos 
16 6 6 2 6 | 16 | 16 6 6 . 
17 Hil aE Whe aT iat alee | aster SiS Le 
18 4 | 14 8 4 |, 20 4|) 20 4 | 14 8 
19 3 | 10 | 23 3 {is 18 Sh ioe es 
20 2 Omer 2 A193) 49 D 9) ez 
21 1 8 | 29 Te! ee [eel 1 8 | 29 
22 22 % 3 22 % 3 
23 DEYe Ife ala 7 23 1611 7 
24 BYE |) Aa1Gde | oa Tees 
25 250 melee dS 25 | 15 | 15 
26 26 | 16 | 16 26. | 16,16 
27 Daa ant vanmelze i (egies ily 
28 28 | 20 | 20 22 BO. Oo 
29 29 | 18 | 18 29 | 18 | 18 
30 30 | 19 | 19 30. | 19 | 19 
31 Bt let ere Sine aes te 
VI. PROPOSED SYSTEM OF GRADING 


In Table V there has been set up a proposed system of 
grading for every member shown in Fig. 2, considered as 
a generating station, as a straight switching station, 
and as a step-down and switching station. In the 
setting down of orders of importance certain assump- 
tions have been made. These are as follows: 

1. That the station has two buses. 

2. That there is a transfer or inspection oil switch 
available at the station. 

3. That in case of a lightning impulse or discharge 
coming into the station, which is sufficiently high 
to spill over, the spilling over at one point or on one 
piece of apparatus will prevent the impulse with a 
dangerously high head going any further; that the 
first spillover would afford sufficient relief, and that 
the rest of the equipment beyond that point would 
not be subject to spillover. 

4. The effect of a change in the entrance arrange- 
ment of ground wires, the effect of the protective 
values of the bus structure itself, and the effect of the 
lightning arrester have been entirely neglected. This 
may be unfair to the lightning arrester, perhaps, but it 
was felt that for the purpose of the study it would be 
best to consider the lightning arrester as an additional 
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safeguard, rather than as a means of definitely reducing 
the value of the impulse voltage to which apparatus 
may be subjected. 

Referring again to Table V, columns 2, 3, and 4, con- 
sider the high-voltage generating station from view- 
points A, B, and C. In the case of viewpoint A it has 
been assumed that the source of the high-impulse voltage 
is the transmission and that it becomes lower as it 
travels into the station. This, of course, takes no 
account of reflections and re-reflections but it is neces- 
sary to do that if the problem is to be considered at all. 
Viewpoint B is based on the assumption that if an insu- 
lator on the bus fails a complete interruption will 
result. The installation of bus sectionalizing switches, 
however, results in no such complete interruption. 
In that case, however, instead of considering the bus as 
a whole, if the problem is confined to a particular bus 
section the assumption just made still holds true. 
In C it has been assumed that the most expen- 
sive piece of apparatus to repair on failure is the 
power transformers and that in general when an oil- 
filled piece of apparatus such as the current or potential 
transformer, is damaged, then it will generally be a 
more expensive matter to repair than the damage to a 
mere insulator on the disconnect switch. 


With these assumptions known, it is plain why, in 
the case of column 2, the highest insulation value has 
been assigned to the member 21, and the lowest to 
member 31. In the case of column 3 on the other 
hand, it can be seen why the highest insulation strength 
has been assigned to member 1 and the lowest to 
member 21. In the case of Column 4, the highest 
insulation strength has been assigned to member 31 and 
again the lowest strength to 21. It is not believed 
necessary to go into a detailed explanation of the 
reason for the relative order of the intervening members 
as it is felt with the explanation of the assumptions 
and the basis of reasoning employed the remaining 
positions will be obvious upon study. Columns 5, 
6, and 7 analyze the order of insulation strength 
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for a switching station from the viewpoints A, B, and 
C respectively, and Columns 8, 9, and 10 show a 
proposed grading system for a combined step-down and 
switching station from the same points of view also, 
that is from points A, B, and C. 

Examining Table V a little more carefully, one will 
see that the order of grading for a particular point of view 
is not very different for the various stations; that is, it 
is practically the same for the generating station as for 
the switching station, and altogether the same for the 
generating station and the combined step-down and 
switching station. Obviously Table V does not offer, 
as it stands, a practical setup. There are altogether 
too many members and it is not conceivable that a 
grading system could be worked up with 31 members 
and yet have a practical difference in insulation values 
between them. In Table VI the total number of 31 
members has been reduced to 15 and values assigned to 
each member on the basis of its position in Table V. 
These are shown on columns 1, 2, and 3. In column 4 
the position numbers of a particular member in columns 
1, 2, and 3 has been averaged and on the basis of that 
average a suggested arrangement for general conditions 
has been worked out in column 5. 

An inspection of column 5 reveals an interesting 
setup. It shows that from the standpoint of general 
minimum disturbance and minimum damage to the 
system, the internal make-up of the oil switch ought to 
be the strongest, that the bus insulators ought to come 
next and the power transformer windings next, the oil 
switch bushing next in strength and so on until we get 
to the insulation of the gaps on the lightning arresters 
which ought to be lowest down in the series. It shows 
further, for example, that in general the power trans- 
former bushings ought to occupy a place two-thirds 
down toward the low end of the insulation chain as 
against the first position that they undoubtedly occupy 
on many systems today. It shows that while the line 
insulators are not to be the very lowest in insulation 
value they should be very close to that, their position in 


TABLE VI 
GRADING INSULATION FOR LIGHTNING IMPULSE SURGES 
1 = Highest insulation down to 15 = Lowest Insulation for Results Indicated 


Column 1 
Min. no. of 
Member Apparatus interruptions 

A Oil switch (internal make-up).............. 13 

B Insulators—Bus side of oil switches......... 10 

oC Power transformer windings............... 15 

D sw tai DUS . ne sn x aS does oie iad 12 

E Potential transformer windings.............. 9 

F Disconnects—Line side of oil switches....... 3 

G Insulators—Line side of oil switches......... 2 

H Current transfogmer windings.............- 7 

I Disconnects—Bus side of oil switches...... - ll 

J Power transformer bushings..............- 14 

K Potential transformer bushings............. 8 

L | Current transformer bushings.............. 6 

M RPSRTARNEM OTE IETICL, ES p atccase eee Satete aes S98 1 

N OuGK er Colle: ee Faeele cei saleas aide vie a eae 5 

Oo L. A. sphere-gap insulators................. 4 


2 3 
Min. danger of Min. cost of 
complete apparatus 
interruptions repair 
4 2 
1 9 
5 1 
3 6 
9 3 
7 11 
8 12 
11 4 
2 10 
6 5 
10 7 
12 8 
15 15 
13 13 
14 14 
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the table where the lowest value is represented by 15, 
being 18. Finally this establishes in general an order 
of insulation strength from which some practical setup 
can be made. 

This has been done in Table VII. Here the 15 mem- 
bers of Table V have been consolidated into four 
groups and it will be noticed that the grouping in 
Table VII follows almost entirely the order indicated in 


TABLE VII 
PROPOSED INSULATION CHAIN 
Rationalized Suggested 
order of order 
insulation of links 
Col. 5-Table VI Apparatus in chain 
1 Oil switch internal make up 
1 
2 Insulators—Bus side of oil switch 
3 Power transformer windings 2 
4 Oil switch bushings 
5 Potential transformer windings 
6 Disconnects—Line side of O. 8S. 
Gi Insulators—Line side of O. S. 
8 Current transformer windings 3 
9 Disconnects—Bus side of O. 8. 
10 Power transformer bushings 
sbi Potential transformer bushings 
12 Current transformer bushings 
14 Choke coils 
15 L. A. sphere gap insulators 
13 Insulators on line 4 


SUBDIVISION OF LINKS 
1 A—Oil switch (exclusive of bushings) 
1 B—Bus insulators—(suspension or strain) 
1 C—Bus insulators—(Post type) 
2 A—Power transformers (exclusive of bushings) 
3 A—Bushings and disconnects 
3 B—Transformers (C. T. & P. T.) 
4 A—Short section of line nearest S. S. (About 1 mile). 
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Fig. 3—Transmission Line INSULATION BASED ON PRESENT 
Practiss Y = 18.3 49-72 


Column 5 of Table VI, the one exception being that of 
the insulation of the line itself. Table VII then pro- 
poses that the insulation on a transmission system 
should be divided into four groups and that the insu- 
lation of these groups follow a definite order,—that the 
insulation of the oil switches and the bus should be 
highest and the insulation of the line should be lowest. 
(By line insulation is meant of course only that portion 
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of the line which can be considered from the standpoint 
of the substation itself. Obviously the insulation of the 
remainder of the line is an independent problem in 
economics. If sufficient money is spent, sufficient line 
insulation can be provided to prevent even the highest 
lightning voltage from flashing over. This phase is 
of course not considered here.) Table VII further sug- 
gests that the insulation of a group of members in the 
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INSULATION STRENGTHS 


4—PROPOSED 


Showing impulse and 60-cycle flashover or breakdown voltages. For 
references to links, see Table VII 


transmission system consisting of oil switch bushings, 
potential transformers, disconnect switches, current 
transformers, etc., be all held at the same level. These 
four groups are ibe tiee referred to as the four 
links. 


VII. PRoOposED INSULATION SYSTEM 


In Fig. 3 the data of curve No. 6 of Fig. 1 have been 
plotted on logarithmic coordinates and a balanced 
straight line drawn through the values. The equation 
of this line is 

Y=18:3 20° 
where Y = the crest value of flashover in kv., 
and « = r.m.s. of the line voltage in ky. 
The same curve is plotted on regular coordinates as 
curve 13 in Fig. 1. Using an impulse ratio of 1.8 we 
get curve 14 in Fig. 1 as the impulse flashover value of 


(1) 
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line insulators for average preset practise. The 
equation of this curve is 
Yo = s2,070°"2 (2) 


Where Y; is the impulse value and all other values 
are the same as in equation (1). 

In Fig. 4 curves No. 1 to 4 have been proposed for 
grading the four links shown in Table VII: These 
curves represent the breakdown or flashover values of 
the various links and are based on the following: 
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a. Starting out with curves No. 4 as 100 per cent the 
other curves have been raised by 10 per cent in terms of 
curve No. 4 so that curve No. 1, for example, represents 
at every point 1.3 times the values in curve No. 4. 

b. The line insulation developed in Fig. 3 and 
shown as curves 13 and 14 in Fig. 1 has been adhered 
to for the insulation of that portion of the lines affecting 
the substations. On the assumption that a 20 per cent 
differential would be allowed between the insulation of 
the line adjacent to the substation and the insulation of 
the line proper this made curve 14 of Fig. 1 and curve 2 
of Fig. 4 identical. 

ce. Curves 1 to 4 in Fig. 4 do not take into account 
60-cycle strengths or tests. 

The development of 60-cycle strength has, however, 
been carried out in curves 5-9. These are based on the 
impulse strength shown in curves 1-4 and the relation- 
ships are as follows: 

Curves 9, 5, and 6 give the 60-cycle strength of link 
1, parts A, B, and C respectively. 

Curve 8 gives the 60-cycle strength of link 2. 

Curves 8 and 9 give the 60-cycle strength of link 3, 
parts A and B respectively. 

Curve 7 gives the 60-cycle strength of link 4. 

The values of 60-cycle strength are based upon the 
best available information at the present time on 
impulse ratios. Where the 60-cycle strength of a 
particular link has been split into two or more parts, 
this was done because the different members naturally 
had different impulse ratios. This clearly shows up the 
fact that while rationalization is possible for insulation 
value on the basis of lightning strength and while it 
may be possible to reduce the number of links in an 
insulation chain to as low a value as 4, as soon as 60- 
cycle strength is considered the problem becomes more 
complicated, the reason being, of course, the different 
impulse ratios of the different classes of material. The 
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determination of the ratios employed will be evident 
from an inspection of the curves. 

In Figs. 5 and 5a the curves of 60-cycle strength 
developed in Fig. 4, have been transposed and plotted 
in terms of r.m.s. values on both coordinates. The 
A. I. E. E. tests corresponding to apparatus repre- 
sented by link 3-A are shown in curve No. 2 (dotted) 
by links 2-A and 3-B in curve No. 5, by links 1-A and 
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1-C in curve No. 8, and by link 3-B in curve No. 10 
(dotted). In analyzing these curves it will be seen that 
while it is possible to rationalize and to work out a 
system of insulation strength with comparatively few 
links in a particular chain the problem is not quite as 
simple when the 60-cycle strength is considered. 
Further, it is definitely clear that in so far as present 
A. I. E. E. tests are concerned, the buying and specify- 
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ing of equipment on the basis of these tests will result 
in a system of insulation that is far from rational as 
far as impulse or lightning strength is concerned. It 
shows again that if a system such as proposed in Fig. 4 
were adopted, in voltages up to approximately 150 
kv. a considerable increase in 60-cycle strength and 
test is necessary if the proper impulse strength is to 
be obtained on equipment such as transformers. This 
may appear objectionable and will naturally be raised 
as an argument against the system but the objection 
is valid only so long as present systems of design are 
followed. As soon as it is definitely recognized that 
strength in two directions is required, the designer of 
equipment will be in a much better position than he is 
today, for he will be able to design for requirements of 
actual line service rather than along the present lines, 
where he designs for one thing, 7. e., 60-cycle strength, 
whereas what is needed is impulse strength. 

A thorough revision of the standards with regard 
to 60-cycle strength and 60-cycle tests, will be necessary 
before complete rationalization can be accomplished. 
No attempt will be made to attack this particular 
problem at this time. Leaving, however, the 60-cycle 
tests as they are, it should still be possible to work up a 
rationalized system of insulation strength under 
impulse conditions and it should be unnecessary, if the 
system is a proper one, to disturb it in any way when 
finally the 60-cycle end is rationalized. 

Keeping this in mind, the writer suggests the system 
shown by curves 1 to 4, Fig. 4, as fulfilling the necessary 
requirements. Mention has previously been made of 
the fact that as long as apparatus and insulation 
strength are specified and bought on the basis of 
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normal or line voltage, difficulty will be encountered 
in utilizing on a system of a definite voltage, apparatus 
that might have a nominal rating of a considerably 
higher voltage. This difficulty could definitely be 
avoided if apparatus were bought on the basis of normal 
operating voltage and with insulation strength of a 
certain definite chain. To amplify: suppose, referring 
again to Fig. 4, a series of insulation chains were drawn 
up as shown in Table VIII. This table offers a series 
of insulation chains for every one of the four links, 
with chains spaced at proper intervals. The table 
suggests for the present operating range from 25 ky. 
and upwards, a series of 10 chains, but this number 
could be cut by one or two or, perhaps, increased by a 
similar number. The point is that chain No. 4, for 
example, might be a perfectly suitable insulation chain 
for a system operating at 69,000 volts in California, 
for instance, but in another territory, say in Florida, a 
much better chain for the same operating voltage 
might be chain No. 5. If once the idea is embraced 
that insulation strength does not always go together 
with operating voltage and insulation is specified 
independently of operating voltage, then it will be 
possible to realize the ideal of obtaining, for each 
system, the insulation strength really necessary. In 
Table VIII nominal kilovolt classes have been purposely 
indicated but there is really no valid reason why these 
should be adhered to or why these should appear in 
any specifications or in any of the design calculations. 
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TABLE VIII 
IMPULSE VOLTAGE FAILURE FOR PROPOSED INSULATION 
CHAINS 
Insulation 
chain no. 1 2 3 4 5 6 a 8 9 10 
Nominal 
kv. class 25 | 3744| 50 70 | 90 115| 145| 175] 205 |237% 
Link no. All values below in crest kv. 
1 382 | 526 | 639 | 819 | 985 | 1185 | 1405 | 1620 | 1830 | 2020 
2 353 | 486 | 592 | 756 | 910 | 1095 | 1296 | 1495 | 1686 | 1870 
3 324 | 445 | 542 | 693 | 834 | 1005] 1190 | 1370 | 1548 | 1715 
4 294 | 405 | 492 ‘ 630 ' 757 | 912 '1080 1245 ‘1405 ! 1555 
VIII. PRAcTICAL APPLICATION OF SYSTEM AND 


RESULTS EXPECTED 


If a system of insulation such as proposed in Table 
VIII or a similar system were adopted, it would result 
in benefits in many directions. Among these are: 

1. The problem of designing the insulation for a 
system would be considerably simpler than it is at 
present. Once having decided on the _ insulation 
strength necessary on one of the important links, the 
particular chain into which the entire system insulation 
is to fall would be determined automatically. The 
problem of specifying the insulation for the various 
pieces of apparatus would then become one of simply 
specifying a certain definite insulation chain. 

2. From the purchasing of apparatus standpoint it 
would mean the placing of the various manufacturers 
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on a more even competitive basis. It would give 
greater assurance of getting the best purchase for a 
given amount of money. 

3. The establishment of a definite number of 
classes will result in simplifying and reducing the 
number of insulating units and insulating classes offered, 
and will therefore result in a reduction of cost with 
benefits both to the manufacturer and to the user of 
apparatus. 

4. Without treating every substation insulation 
problem as a special problem to be long studied, it 
would be possible to get a correct solution and one that 
would be reasonably certain to work right under 
practically all conditions in so far as insulation is 
concerned. 

5. The final effect of all the above would be a great 
improvement in the type of service rendered by the 
transmission system. 


IX. SUMMATION 


The problem of rationalizing the transmission system 
insulation is greater than can be covered within the 
scope of one paper. The writer believes, however, 
that he has shown that: 

1. The present status with regard to insulation 
practise and standards is not satisfactory. This is as 
true with regard to the manufacturing of apparatus, 
the application of apparatus, as it is with regard to the 
various rules and regulations issued by state and other 
regulatory bodies. 

2. There is no single cause for the present situation, 
but there are many contributory factors, some of which 
were perhaps unavoidable. 

3. The net effect of the present status is one of 
confusion in regard to the specification and the pur- 
chase of insulation value. Further, the problem of 
designing a system that is properly correlated in insu- 
lation strength is extremely difficult. This results, in 
the long run, in more trouble on the transmission system 
than is necessary or desirable. 

4. It would be highly desirable to bring about a 
condition where some of these difficulties could be 
eliminated without making a separate research problem 
of each problem of transmission. If a system of 
grading were worked out and adhered to by all the 
manufacturers and by all the users of apparatus and 
equipment, many of the difficulties that are encountered 
today in the problem of making the transmission system 
give continuous service would be done away with. 

5. Before such a state can be reached it will be 
necessary to obtain considerably more information or 
data bearing on the problem. It will be necessary 
to have more exact data with regard to the characteris- 
tics of switching surges and of lightning waves, and a 
definite agreement as to how these various quantities 
are to be measured,—in other words, standards for 
each. 

6. Assuming that all the data outlined in 5 are 
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obtained, a method of arriving at the order of grading of 
insulation can be formulated. A specific system was 
actually worked out. It is possible by proper consolida- 
tion of various members to reduce the links in a trans- 
mission chain that will be graded from each other toa 
reasonable number. A system composed of four links 
was proposed. While four links are adequate from a 
lightning standpoint, from the power frequency stand- 
point the problem is considerably more complicated due 
to the different impulse ratios. This problem will 
require further study. 

7. Without changing for the present the specifica- 
tions covering power frequency strength, a series of 
insulation chains can be worked out that will be properly 
graded from the standpoint of lightning strength. A 
definite series of that type was proposed. By elimina- 
tion of nominal operating voltages the probability of 
obtaining proper insulation strength will be enhanced 
in many cases. 

8. If the systems proposed are adopted the ulti- 
mate result ought to be less expensive and more satis- 
factory design, in other words, better continuity on 
the transmission system as a whole. 

Acknowledgment is due to Mr. I. W. Gross for his 
help in preparing some of the data and in drawing up 
the numerous charts and tables. 


Bibliography 

1. Lightning and Other Transients on Transmission Lines, 
F. W. Peek, Jr., A. I. E. E. Trans., 1924, Vol. 48, p. 1205. 

2. Transformers for High-Voltage Systems, A. W. Copley, 
A. I. E. E. Trans., 1923, Vol. 42, p. 1068. 

3. Arcing Grounds, J. F. Peters and J. Slepian, A. I. E. E. 
Trans., 1923, p. 478. 

4. Goctnsliags on Transmission Systems Due to Dropping of 
Load, EK. J. Burnham, A. I. HE. E. Trans., 1925, p. 872. 

5. 220-Kv. Transmission Transients and Flashovers, R. J. C. 
Wood, A. I. E. E. Trans., 1925, p. 961. 

6. “The Application of High-Tension Insulators,’ T. B. 
Fleming, Electric Journal, 1924, Vol. 21, No. 5. 

7. “Overvoltages on Transmission Lines During Generator 
Runaway,” H. R. Stewart, The Electric Journal, Dec. 1927, 
p- 607. 

8. ‘Dielectric Phenomena in High-Voltage Engineering,” 
F. W. Peek, Jr., (MeGraw Hill Book Co.) 


Discussion 


RELATION BETWEEN TRANSMISSION-LINE AND 
TRANSFORMER INSULATION 
(Lewis) 
RATIONALIZATION OF TRANSMISSION-SYSTEM 
INSULATION STRENGTH 
(SPoRN) 
New Haven, Conn., May 9, 1928 


V. M. Montsinger: The authors of these papers have 
pointed out the desirability of setting up standards for grading 
the various apparatus according to their impulse-voltage 
strengths and have shown the haphazard way in which this work 
has been done in the past. Their plea for a more rational 
method should receive very careful consideration. 

I do not believe that there is any argument as to whether or 
not the relative values of the insulation of transformers and the 
various adjacent apparatus should be put on a more rational 
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basis. The important question is howshall the grading be done? 
There are two phases to this problem. First, what should be 
the difference between, say the transformer impulse strength 
and the arc-over strength of the adjacent line insulation, etc.; 
and second, what is the most convenient and practical method of 
expressing the impulse strengths or the relative strengths of the 
various apparatus? 

It is from the second standpoint only that I wish to discuss 
these two papers. I shall for the sake of simplification confine 
my remarks to transformers and adjacent line insulators. 

Naturally, the first thing that the operating engineer asks for 
is the impulse breakdown values of the transformer windings and 
the flashover values of bushings and line insulators. It is, of 
course, well known that the impulse breakdown of insulations, 
either of solids, oil, or air, is dependent entirely on the kind of 
wave used and whether breakdown occurs on the rising front at 
the crest or at some point beyond the crest, generally called the 
tail of the wave. Therefore, for the impulse strength to mean 
anything at all it is necessary to define the wave. A standard 
wave, of course, could be set up but it would mean that everybody 
who desired to make a test must have the same kind of a light- 
ning generator, which of course is impractical. Furthermore, 
it is not practical to test a transformer winding with impulse 
voltage to check its impulse strength. Neither is it desirable to 
subject a winding to an impulse voltage in value anywhere near 
its failure point on account of the possibility of causing injury 
which might not show up until after being placed in service. 
Therefore, it appears that we must look for some other more 
satisfactory method. 
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Fic. 1—Sertr-Ur ror Comparing BREAKDOWN OF OIL AND 
Arc-Over or Disks oN Front AND Tart ImpuLsE WAVE 


Let us consider first the adjacent line insulators and their 
characteristics with respect to impulse flashover at different 
points on the wave. Tests conducted with Mr. Peek’s lightning 
generator have shown that within practical limits the flashover 
impulse ratio of an insulator varies with different waves in about 
the same order as does the breakdown of insulations. 

To illustrate what I mean a typical case will be given. Fig. 1 
herewith shows an oil gap shunted with three standard 10-in. 
disks. When an impulse voltage, whose maximum value was 
approximately twice the flashover value of the insulators, was 
imposed, the disks naturally cut off the wave, provided the oil- 
gap setting was not too close. The oil gap was then adjusted to 
cause one-half of the breakdowns to occur across the oil gap. 
Sphere gap measurements showed that the disks limited the wave 
to about 600 kv. The oil gap was then widened and the imposed 
wave lowered until flashover did not occur until a point beyond 
the crest of the wave had been reached. To cause one-half of the 
breakdowns to oceur across the oil gap the electrode had to be 
brought back to practically the same setting as before. The 
maximum value of the wave in this case was around 450 kv. as 
determined by sphere gaps. The time in the two cases ranged 
from a fraction of a micro-second to several micro-seconds. Sim- 
ilarly the same phenomenon was found when solid insulation was 
used in place of the oil gap. 

This, of course, means that a string of insulators can be used 
as a yard stick for comparing or expressing impulse strengths of 
transformer windings. Or, in other words, if we know the 
proper relation between the impulse strength of a given number 
of line insulators and a given voltage transformer, it is not 
necessary to know or to give the impulse values of either. 
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Furthermore, it would eliminate the necessity of defining the 
wave, for the reason that if the proper relationship is known 
on one part of the wave approximately this same relationship 
holds for another part of the wave. Of course, there is a limi- 
tation to this in that the two curves of impulse strength versus 
time are not exactly parallel but cross and diverge as the waves 
approach the 60-cycle peak value as shown in Fig. 2 herewith. 

Tf all insulator disks had the same spacing it would be satis- 
factory to express normal line insulation in terms of the number 
of disks. However, since the spacing of disks may vary con- 
siderably, some being as low as 434 in., while the standard spac- 
ing is 534 in., and since both the 60-cycle and impulse flashover 
strengths of a string of insulators is within reasonable limits a 
function of the vertical height, and furthermore since both the 
dry and wet impulse strengths are the same, it is entirely practical 
to express line insulation in terms of 60-cycle dry are-over values. 
This enables any manufacturer or operating company to check 
the tests. 

Referring to the recommended line insulation in Table 1X 
of Mr. Lewis’ paper, it will be noted that the 60-cycle are-over 
is considerably higher than the 60-cycle tests on the transformer 
corresponding to twice line voltage plus 1000 volts. This does 
not mean from the standpoint of impulse voltages the arc-over 
of the insulator is stronger than the transformer windings, for the 
reason that the impulse ratio of breakdown of air is considerably 
less than the impulse ratio breakdown of transformer windings. 
This difference plus the factor of safety between the tests and 
actual breakdown of windings makes the transformer stronger 
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2—VARIATIONS OF IMPULSE STRENGTHS OF INSULATORS 
AND TRANSFORMER INSULATIONS 
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than the recommended line insulators. This applies, of course, 
to fully insulated and not to 2.73 or reduced insulation trans- 
formers. In fact, experience has shown that fully insulated trans- 
formers have given very satisfactory service when used with 
normally insulated lines. 

So far as the transformer is concerned the insulation in the 
windings should also be given in terms of 60-cycle tests. The 
reason why this can be done is because many tests have shown 
that very nearly the same impulse ratio holds for oil alone, 
* puncture of solid, puncture of combinations of oils and solids, 
creepage over solids, and finally, breakdown of transformer 
windings, either of interleaved type or concentric type. It is 
indeed fortunate that this is so; otherwise, if the different in- 
sulations and different arrangements of insulation gave widely 
different impulse ratios it would be an impossibility to express 
the impulse strength in terms of 60-cycle tests. Not only should 
it be expressed in terms of 60-cycle voltage but the transformers 
should be so tested. This makesit possible for all manufacturers 
to be on a fair and comparable basis and assures the customer of 
what he is getting. 

The impulse strength of the transformer bushings and ter- 
minals can be expressed also in terms of 60-cycle dry flashover 
if it is desirable to grade its impulse strength in reference to that 
of the other apparatus. 

In summing up, the main point which I wish to bring out is 
that it is not practical and, in fact, not necessary to attempt to 
give impulse values for the strength of transformer windings and 
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the impulse flashover values of bushings and insulators, but that 
the desired purpose is accomplished in a more satisfactory manner 
if 60-cycle dry flashover values of insulators can be standardized 
as the yard stick for judging the impulse strength of the trans- 
formers. 

W.L. Lloyd, Jr: The subject of rationalization of insulation 
is not a new one. However, the limited knowledge available 
(for example, The Effect of Transient Voligages on Dielectrics, 
F. W. Peek, Jr., Trans. A. I. E. E., Vol. XXXIV 1915, Part IT, 
p. 1857) has not been utilized as fully as its importance warranted. 

Developments have been rapid in the last few years due to a 
realization that lightning is not a mysterious phenomenon, but 
that it is a definite thing that can be discussed in an engineering 
way, studied in the laboratory, and guarded against in the field. 

As has been pointed out in the papers, laboratory work and 
field experience in general show that it is important to design a 
line so that the conductors are as near to the ground as possible, 
and that high towers and badly exposed places should be avoided. 
Similarly, horizontal spacing is preferable to vertical spacing 
since the average lightning voltage induced on the line is less 
with horizontal spacing. 

Ground wires properly installed and longer insulator strings 
out on the line can be employed to eliminate flashovers or to 
reduce their number. Grading-shields or grading-rings on the 
insulator strings, by raising somewhat, in effect, the lightning 
sparkover voltage of the insulator string, can be utilized to 
reduce further the number of flashovers, and prevent damage to 
the insulators when a flashover occurs. 

Long insulator strings should not, however, be brought right 
up to the station. For a half mile or so from the station reecom- 
mended insulation should be employed to limit the lightning 
voltages impressed upon the station equipment. Where dirt or 
leakage conditions are bad in the vicinity of the station the 
lightning voltage applied to the station equipment can be more 
satisfactorily. limited by low-set rings on the long insulator 
strings or by a short air-gap in parallel with the string. To 
prevent an excessive number of flashovers across these shorter 
insulator strings, low-set rings, or paralleled gaps, the number of 
ground wires should be increased over this short section of the 
line. The proper number of ground wires will give the same 
factor of safety on this short section of the line with reduced 
insulation as on the main section of the line with increased in- 
sulation but with fewer ground wires. Lightning arresters, 
if used, should be placed as close to the transformers as possible. 
The transformer insulation should be stronger than the sparkover 
voltage of the bushings or the protective gaps at the station. 

As suggested by Mr. Montsinger, the strength of the trans- 
former, the sparkover of the bushings, the setting of the gaps, and 
so forth, should preferably be expressed in terms of the spark- 
over voltage or number, of standard 10-in. diameter, 534-in. 
spaced, insulator disks, since then any discussion of the shape of 
the wave, when sparkover takes place, and so forth, does not 
enter. In this way the laboratory work should be most ad- 
vantageously utilized by the largest number of operating engi- 
neers and we can, at last, proceed with a logical and rational 
insulation of our transmission systems as we have been attempt- 
ing to do for so many years and as urged again by Mr. Sporn. 

C. L. Fortescue: Recent investigations both in the field and 
in the laboratory indicate that the lightning surge is of appre- 
ciable duration. It is estimated that the duration of the effec- 
tive portion of the wave may vary from a few to 100 microseconds, 
the longer wavelength having crest values below the 60-cycle 
flashover of the insulators. Mr. Torok’s investigations on the 
phenomenon of flashover between sphere gaps shows that the 
speed of propagation of the streamers from sphere to sphere is 
of the order of one-tenth the velocity of light. Similar tests 
in connection with strings of insulators indicate a speed of 
propagation over the length of the string of the order of one- 
fiftieth the velocity of light. These figures are necessarily ap- 
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proximate and may be subject to modifications as a result of 
further investigation. However, the results indicate that the 
time required to complete a flashover due to a surge, after the 
60-cycle flashover point has been reached, is, for a string of 
insulators, of the order of a fraction of a microsecond. Fig. 3 
herewith shows the impulse fiashover of a string of five standard 
units and of a string of fourteen standard units for lightning 
surges of different steepnesses of wave front. The figures are 
approximate and subject to modification due to further knowl- 
edge obtained in the laboratory. We deduce from our labora- 
tory investigations that any lightning wave whose crest reaches 
the 60-cycle value and exceeds it for a fraction of a microsecond 
will cause flashover of the insulator string. 

The importance of impulse factor to various steepnesses of 
wave front lies in the fact that the surge potential from a light- 
ning stroke would reach extremely high values if it were not for 
the fiashover limit imposed by the insulator string itself. As a 
consequence, before the lightning surge has had time to reach 
anywhere near its crest value it is chopped, or discharged, by 
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the flashover of the insulator string. It is interesting to note 
that even before the string has reached the flashover point, as 
indicated by the complete formation of the streamer along the 
length of the string, the conductivity over the string has in- 
creased enormously, so that the leakage current over the string, 
even before the actual flash takes place, is sufficient to reduce 
materially the potential of the surge before flashover oceurs. 
When the insulator flashes over, the surge impedance at that 
point of the line is reduced to practically zero. Consequently, 
the remaining portion of the lightning surge is reduced to low 
potential and only the portion of the wave up to the filashover 
point passes over the line. This portion now is of relatively 
short duration as compared to the original lightning surge from 
which it is evolved, and may have a crest value several times the 
60-cyele fiashover of the insulator string. These chopped waves 
are of importance because they have this high crest value and 
may be a source of danger to the apparatus connected to the line. 

There seems to be a rather widespread misconception of the 
part played by the time lag of the insulator string in the opera- 
tion of transmission lines. There seems to be an idea that high 
impulse factor increases the effective insulation of the line against 
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lightning surges. Many recent tests indicate that any surge due 
to lightning which goes slightly over the 60-cycle flashover value 
of the insulator string will cause a flashover. If this be the case, 
the less the time lag, or the quicker the fiashover, the less will be 
the severity of the surge impressed on connected apparatus. 
Furthermore, the time lag of an insulator string leads to an un- 
desirable characteristic, namely, the tendency of a string of in- 
sulators to cascade. Fortunately, due to the fact that there is 
this large time lag in the flashover, we are able to make use of an 
auxiliary device, namely, the arcing ring, which when properly 
designed will, by improving the field of the insulator, increase 
the resistance of the string itself to the 60-eycle voltage, and 
consequently the tendency to flashover may be delegated to the 
arcing rings themselves which have probably a somewhat lower 
time lag than the insulator string. This can be done without 
sacrificing the 60-cycle fiashover value of the string itself without 
the rings. In this way when flashover occurs the are will form 
between the arcing rings and no easeading will take place over 
the string of insulators and as, in general, the power are will 
follow the path of the impulse flashover, the use of arcing rings 
of proper design insures the insulator string against breakage due 
to eascading. The areing ring, therefore, has two desirable 
characteristics: first, it prevents cascading of the string and, 
secondly, if tends to reduce the impulse factor for a given steep- 
ness of wave front. In other words, it gives to the insulator 
string flashover characteristics more nearly approaching that 
of spheres. 

I should like to bring forward a broader point of view in 
considering the insulation of transmission lines. It is customary 
to consider the problem of transmission-line design in two 
aspects, namely insulation and protection. In the design of 
apparatus two methods may be used, one might be entitled the 
method of brute force, and the other the method of properly 
protecting the various parts so as to distribute the electric forces 
in the most favorable manner. We do not differentiate between 
these two methods and describe one as insulation and the other 
as protection. I feel that the progress in the design of trans- 
mission lines has suffered by considering these two aspects in- 
dependently. As aresult, controversies arise due to transmission 
engineers considering only one of these aspects instead of looking 
at the problem from the broad point of view. To illustrate this 
point, let us suppose we have a 220-ky. transmission line insulated 
with 14 units and we find that with these 14 units the number of 
outages per 100 miles per line amounts to a certain definite 
figure, and we wish to reduce this figure to some desirable value. 
There are two ways in which this may be done. We find that 
following the one way, which we will designate the method of 
brute force, we would require an insulator string with perhaps 
28 units. This, of course, would mean that the towers would 
have to be raised at least 614 ft., the necessary amount depending 


- upon the design of the tower structure. This would in addition 


involve strengthening the tower to meet the increased stresses 
due to the, added height. The second method would involve 
adding two ground wires in the proper position over the trans- 
mission line, the ground wires having at least one layer of good 
conducting material and being properly suspended so as to insure 
against mechanical breakage. Fig. 4 herewith shows that the 
effect of the ground wires as far as the outage is concerned, is the 
same as that due to doubling the length of the strings. This 
conclusion is based on an assumed reduction in the surge poten- 
tial, due to the ground wire, of 50 per cent. This figure is be- 
lieved to be conservative. Mr. Peek has obtained much higher 
values in laboratory tests. These higher values he ascribes to the 
formation of corona on the ground and transmission wires. 
However, we assume the conservative value until Mr. Peek’s 
more optimistic values have been established by further tests. 
We have here an example of two methods of achieving results 
desired, both of which will increase the construction cost of the 
transmission line. However, the advantages of the ground wires 
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are not only due to the reduction of outages of a transmission 
line but are also due to the reduction of the surge potential and 
consequent reduction of hazard to apparatus connected to the 
line. If the first method is used it will be necessary to increase 
very substantially the insulation strength of the connected 
apparatus such as transformers, circuit breakers, transformer 
bushings, outlet bushings, ete., and, also, it would lead to an 
increased cost in the protective apparatus at the substation. 
However, a compromise can be made with the over-insulation 
method by using over-insulation only in the portions of the line 
exposed to lightning, using the lesser insulation at the unexposed 
points, but the reduction in outages will not be so great as if the 
extra insulation is used over the whole line or if ground wires are 
installed over the whole line. Another modification of these 
schemes might contemplate using extra insulation and ground 
wires in combination. For example, extra insulation might be 
used on portions of the line where grounding conditions aren’t 
very good and ground wires may be used over other portions of 
the line where ground conditions are favorable and additional 
ground wires might be used in the neighborhood of the substation. 

It will now be apparent that the insulation of the line, which 
includes so-called protective measures, is an economic problem, 
the problem of obtaining the lowest outage factor at the lowest 
cost. The two fundamental principles are the protective prin- 
ciple, such as the use of ground wires, and the principle of over- 
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insulation. These two fundamental ideas can be combined in 
many different ways so as to obtain the best results. In the final 
result the effect on the substation apparatus such as transformers, 
circuit breakers, bushings, ete., must be considered. There are 
several other methods that are under consideration but have not 


reached the stage of development where they can be considered as 


being established. One of these methods is the use of arresters 
placed at intervals along the line. There is no doubt that if an 
effective arrester could be placed at each tower the result would 
be effective. Another method is known as the fused arcing 
ring. The economy and effectiveness of this method seems to 
rest almost entirely on the characteristic of the fuse. All these 
various methods can be considered properly as methods of 
effectively insulating the transmission line. 

There has been considerable controversy as to the advantage 
of using wood-pole construction and preserving the insulating 
characteristic of the wood pole itself. This of course comes 
under the heading of over-insulation. A great disadvantage of 
this method lies in the fact that the surges that are encountered 
in transmission lines are easily able to shatter, and from all 
accounts have frequently shattered the wood pole, leading to 
power outages due to mechanical failure. A modification of 
this method of obtaining improved insulation is the use of the 
insulated ground wire in conjunction with the wood pole. This 
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has the advantage of preserving the wood-pole insulation and 
reducing the surge potentials to which the wood is exposed, thereby 
preventing a tendency to pole shattering. In the laboratory 
without lightning generator we are able to shatter wood poles 
of considerable length. It is easily seen, therefore, how much 
of a liability this pole shattering is in wood-pole construction 
where the line is exposed to lightning surge potentials and ener- 
gies very much in excess of those, that can be obtained in the 
laboratory. : 
Experience has shown that with certain types of line construc- 
tion and degrees of insulation certain classes of transformer 
insulation are satisfactory and give good service. It seems to the 
writer that the method of classifying required insulation of 
connected apparatus by the number of units used in the adjacent 
insulator string is not only a good practical method of specifying 
the required class of insulation but is also scientific. In the 
future, the effect of the line construction on connected apparatus 
will be given more consideration and no doubt the use of special 
protective measures, such as additional ground wires near the 
substation, will grow in favor as more and more experience is 
obtained. The Westinghouse Company is carrying on investi- 
gations on lightning with the klydonograph, and expects to 
do further work with a modification of the Dufour oscillograph. 
It is hoped that, during the coming lightning season, by the 
above work in the field supplemented by the work being carried 


_on in the laboratory with the lightning generator, we will mate- 


rially add to our knowledge of lightning phenomena, thereby 
enabling us more intelligently to insulate our transmission lines 
against the effect of lightning, reducing outages due to this 
source. 

J. F. Peters: J am heartily in favor of coordination of in- 
sulation but I am not so heartily in favor of the exact method 
suggested by Mr. Sporn. 

In order that the insulation may be coordinated it will have 
to be done on a basis that is practical and not too expensive. 

Insulation that goes into high-voltage apparatus, such as 
circuit breakers and transformers, is quite variable in its insula- 
tion strength; therefore, in establishing a chain of gradations this 
variation must be taken into consideration. 

Referring to Chain 5 in Mr. Sporn’s Table VII, you would have 
a line that must stand an impulse of 757 kv. but must fail at 
less than 834 kv. The bushings of the transformers must stand 
834 ky. but must fail at less than 910 kvy.. The transformer wind- 
ings must stand 910 kv. but must fail at less than 985 ky. 

Now, the range between the values that insulation must stand 
and those at which it must fail are not large enough for practical 
application. It is one thing to design apparatus to withstand a 
certain voltage but it is an entirely different matter to design 
apparatus to fail at a point slightly higher than a specified value. 
By increasing those increments to a practicable value I am quite 
sure the strongest link in the chain will be so expensive that it 
cannot possibly be justified. 


One way of getting around this difficulty that appeals to me 
as practical is to establish one point in the chain that is definitely 
weaker than the other links. That weak link logically should 
be either the line insulation adjacent to the station or some 
relief gap located adjacent to the station. When such a relief 
is fixed it would then only be necessary to say that all of the 
apparatus and substation insulation should be stronger than so 
much and in specifying this strength I heartily agree with Mr. 
Montsinger’s suggestion of putting it in terms of 60-cycle dry 
flashover. 


In connection with Mr. Lewis’ paper, I have had occasion in 
the last few years to look over quite a few records of surge 
investigations on actual transmission systems and I have ob- 
served that there appear to be two kinds of impulses, one that 
comes under Class A as listed by Mr. Lewis in Fig. 3, the other 
as Class C in the same figure, and between these two types 
there seems to be quite a wide band. I do not have sufficient 
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information to state why this wide band exists but I am inclined 
to believe that the Class A are due to direct line hits and Class C 
are due to induced strokes. Now if this is the case, can we draw 
the conclusions that ground wires will have the same effect on 
reducing Class A disturbances as they will for Class C? All 
of the theories concerning ground wires are based on induced 
strokes and cannot apply to the direct strokes in the same way. 
There is no doubt that the presence of ground wires will divert 
_ many of the direct strokes and in that way will materially protect 
the line against such disturbances. But will they divert all of 
the direct strokes? If not, then the installation of ground wires 
will not produce lightning-proof lines. 

F. W. Peek: It is significant that in these papers and in the 
discussion, lightning is expressed in numerical values; it is on an 
engineering basis. It is now known that the maximum lightning 
voltage that can appear on a transmission line depends upon the 
height of the line above ground and whether or not a ground wire 
is used. The maximum voltage that reaches the station and the 
apparatus is the lightning breakdown voltage of the line or the 
lightning arc-over voltage of the insulators. Since the voltage 
to which the apparatus is subjected is thus determined by the 
line insulators it is readily seen that it is not logical to use ap- 
paratus with a lower lightning breakdown voltage than the line 
insulators in the vicinity of the station. 

An examination of statistics shows that a very small fraction of 
1 per cent of transformers is damaged each year by lightning. 
Thus present transformer insulation is fairly well matched with 
present average line insulation. It would thus not be economical 
to add greatly to transformer insulation as long as the present 
average line insulation is used. However, as better service is 
demanded it is necessary to over-insulate lines in parts of the 
country where lightning is severe. If this over-insulation is 
carried up to the station the transformer strength should be 
increased in proportion to the increase in the insulation on the 
line. In many eases it will probably be found that satisfactory 
operation will be obtained with average insulation in the vicinity 
of the station and with any desired over-insulation out on the 
line. The lower insulation near the station on a comparatively 
short section would usually not appreciably increase the outages. 
This follows because the chance of an are-over on a short section 
is small and further because high lightning voltages are rapidly 
reduced by corona and other losses before traveling a very great 
distance on the line. I am quite in sympathy therefore with the 
suggestions for balanced insulation on lines and apparatus as 
suggested in the papers by Mr. Lewis and Mr. Sporn. 

Mr. Lewis has tabulated the average number of line insulators 
for various operating voltages and suggests that if the line in- 
sulation is increased above the average the transformer insulation 
should be also increased proportionally. He suggests that this 
increase be measured by the usual 60-cycle test of the transformer 
and that the line insulators be expressed not in terms of the 
number of units used but rather in terms of the 60-cycle are-over 
voltage of the insulators. This is quite rational and removes a 
number of difficulties as to the lightning wave shape used, etc. 
It so happens that if a line insulator will protect a given trans- 
former by flashover for a given lightning wave it will also protect 
it for other lightning waves. All this means is that over a wide 
range of transients the ratio between the lightning breakdown 
voltage of the insulator and of the transformer remains more or 
less constant. This follows because the insulator is a time gap 
or requires time to cause are-over. It thus automatically takes 
care of changes in wave shape. 

Another advantage of the insulator as a practical means of 
measuring the lightning voltage of transformers is that the 
operating engineer knows immediately whether or not the 
number of insulators on his line is stronger than the transformer. 

I do not mean, of course, in endorsing Mr. Lewis’ suggestion 
of using insulators as a measure of lightning strength of trans- 
formers that the actual lightning strength for various wave shapes 
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should not be measured in the laboratory. 
this very thing. 

The following tests are given as illustrations and have par- 
ticular bearing on the present discussion. Transformers were 
set up in the laboratory and connected to a transmission line 
supported by the usual line insulators. Lightning waves from 
the 3,500,000-volt lightning generator were sent over the line 
and the strength of the transformers measured in terms of in- 
sulator disks as well as voltage. These tests have been made 
with a number of different types of waves. I am particularly 
interested in this discussion because in 1915 I presented a paper 
before the Institute—The Effect of Transient Voltages on 
Dielectrics—covering this subject. In that paper the term 
“Impulse ratio” was first used, as well as the term ‘“‘micro-second” 
as applied to time lag and insulation breakdown. In this early 
work it was not possible to take oscillographs. However, this is 
now being done in the laboratory and studies have been made on 


In fact, we have done 


insulator flashovers and insulation strengths with waves varying 


in length from 1/25 micro-second to several hundred micro- 
seconds. 

By full use of available knowledge, it-appears that transmission 
lines can be made almost or practically lightning proof. 

K. K. Palueff: To illustrate the great variation in lightning 
characteristics of existing transmission systems I prepared, some 
three years ago, a table given below and quoted in part by Mr. 
Lewis. 


Rated voltages 66 | 88 100 110 120 132 | 220 
} \ 
Total circuit miles...... 4880/717 |1617 /|2895 468 882 (|1150 
No. of suspension insula- 
OVS eas ce taitte wissen oh 
Minimiuni. <u 5 35 3. 4, 5 5 6 8 9 
Maximum: och >). : 6| 7 8 9 9 Oo | 
BVETABOs Scie swipe as 22 5} & 6.4 7.23) 8.83) 9.7|13 
Height of lowest conduc- ; 
tor at the tower—..... 
Minimum, . 2... 05:2 22| 28 34 25 30 42 
Maximum...2... 55 53| 47 55 68 61 55 
AVEPARG... W526 cciee 5 35| 38.5] 38.7] 47 57 46.7| 55.6 
Percentage of total mile- 
age that data are given 
BY ey rs eee t's Skin 
Number ofinsulators.| 100) 78 100 100 100 100 52 
Number of conductors! * 75/100 86 83 100 100 52 


Since this table was prepared, the writer has learned of a 
66-kv. system having 9 disks on entire line, of a 110-kv. system 
having 10 disks on entire line, and 15 disks at the substation end, 
of 132-ky. system having in addition to 9 disks 7.5 ft. wooden 
crossarms. 

It also was found that a great many systems, having a 
more or less normal number of disks, were using wooden poles 
and crossarms with ungrounded hardware, which in some cases 
more than doubled the actual dielectric strength of the line. 

Since Mr. Peek’s laboratory investigation showed that light- 
ning voltages on transmission lines may often exceed their dielec- 
trie strength, it became obvious that line insulation should be 
used as a measuring stick of dielectric strength of varius apparatus 
connected to it. 

However, study of the line insulation data given above indi- 
cates that if such a principle is accepted then transformers and 
circuit breakers on some systems must be capable of withstanding 
high-potential test equal to far more than twice line operating 
voltage. For instance, a transformer for a 66-kv. system, with 
9 disks as mentioned above, would require a high-potential test 
of four times normal (264 kyv.). This of course means a sub- 
stantial increase in cost of the apparatus. 

The experience of some operating companies has proved the 
correctness of this principle, and forced them to buy transformers 
capable of standing a high-potential test of more than twice 
operating line voltage for their “‘over-insulated” lines. 
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The second group, however, were inelined to attribute the 
eause of their operating troubles to defeetiveness of the ap- 
paratus, which attitude deprived them of an opportunity to 
benefit by their experience. 

The third class of engineers, being annoyed by are-overs of the 
bushing om eireuit breakers and transformers, realized that the 
dieleetrie strength of their apparatus was lower than that of the 
lines, but imstead of followimg the example of the first group they 
established a habit of seeurime extra strong bushings matching 
with lime insulation, leaving, however, the apparatus proper at the 
original strength, thus virtually making the most expensive 
part of the transmission system the weakest. 

Tt is om aceount of the above consideration that I most heartily 
welcome the recommendation of Mr. Sporn’s paper. 

The important question is how to ascertain the lightning 
strength of the apparatus. Makingan impulse test as part of the 
acceptance test is at present quite out of the question, for two 


reasons: first, the range of shapes, and the magnitude of charac-. 


teristie traveling waves met with im service are not sufficiently 
well established; second, there is no way of determining the place 
and degree of partial damage that may be done by such a test 
to a transformer. It is quite possible to puneture insulation 
between adjacent turns or even coils, with so little energy con- 
centrated at the poimt of failure that it would be absolutely 
impossible to find the latter even after complete disassembly of 
the transformer. 

Transformers respond to impulse, not as a pure inductance, 
but as a very complicated metwork of distributed capacitances 
and inductances. The result of it is that high-frequency voltage 
may concentrate between adjacent turns or coils. 

This phenomenon is excellently deseribed im Messrs. L. F. 
Blume and A. Boyajian’s paper on Abnormal Voltage within 
Transfermer Windings, (Trans. A. L. E. E., Vol. XXXVIII, 
Part I, 1919, p.577)- 

Thus two transformers, equally strong at low frequeney (not 
greatly im excess of 500 eyeles), may have quite different light- 
ning strength. Im spite of that, however, it seems that the only 
practical method of making acceptance tests is to subject ap- 
Pparatus to a sine-wave voltage of low frequency (say between 25 
and 500 ¢yeles). The value of low-frequency are-over of the line 
insulation (which must include wooden eross-arms in ease hard- 
ware is not grounded) of the system under consideration should 
serve aS a eriterion for the magnitude of potential test of the 
transformer. 


J. F. Peters: I should like to add a few comments to what 
Mr. Paluef® has stated so as to prevent amy possible misunder- 
standing of the diseussion. He gave a very beautiful analytical 
discussion that applies to an abrupt application of voltage to a 
transformer winding. His conelusions are what would happen 
if there were no other factors present except the capacitance and 
inductance of the windings; but what actually happens im service 
is quite diferent. AI high-voltage apparatus are equipped with 
bushings that have high enough eapacitance to alter very 
considerably the internal state of affairs. With a typical high- 
voltage transformer, if am impulse with a sheer front is applied, 
the eapacitance of the bushings will absorb this impulse to such an 
extent that it will imerease gradually to its full value in something 
like five mieroseconds. That being the case, the voltage is 
applied to the windings slowly enough that it distributes quite 
uniformly throughout the winding. 

Cc D. Gibbs: (communicated after adjournment) The 
papers by Mr. Lewis and by Mr. Sporn represent the first serious 
consideration given to coordinating the insulation of trans- 
mission lines with that of equipment. It is a feature that most 
engineers have encountered, but which, due to lack of data, has 
largely been settled by guess. 

One point which I wish to bring out is that the problem has 
been started om the premise that the lines must be insulated to 
prevent fiashover during lightning storms. This premise is 
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justified only on some of the higher capacity lines such as the 
220-ky. trunk lines where an interruption involves a loss of a large 
block of generating capacity. On the usual transmission line a 
cireuit ean be dropped out of service without upsetting the opera- 
tion of the system and in these cases there is no justification for 
the expenditure necessary to make the line lightning-proof. 

Too much effort is being made to secure higher and higher 
flashovers for transmission lines. By the use of wood poles, 
arms, and braces, the flashover may be doubled but the use of the 
overhead ground wire reduces the potential which will cause 
fiashover by 50 per cent, so the number of interruptions remains 
the same in each ease. In the former, the terminal equipment 
will be subject to much greater stresses. The additional cost of 
the extra insulation at terminals and on the lines must be very 
earefully weighed against the value of the loss of aline. After the 
terminal equipment is already established, the line insula- 
tion should be such that it does not endanger the equipment. 
That is, the problem is reversed. Instead of the line insulation 
being fixed and the transformer insulation determined from 
it, the transformer insulation is fixed and the line insulation 
should be coordinated with it. 

Mr. Lewis recommends flat spacing of conductors. Such a 
recommendation is not based on the economies of the ease. It 
has been determined that for a given width of right-of-way, 50 
per cent more power can be transmitted at 132 kv. than at 220 
ky., by using the conventional two-circuit tower for the 132-kv. 
line. This value may be further increased by using a three- 
circuit tower having the conductors in the vertical plane. 

Another recommendation is that the flashover of the last one- 
half mile of line be lower than the rest of the line and additional 
ground wires installed. It is not apparent why this last one-half 
mile should be designed to function as an arrester. To do this, 
additional tower designs will have to be made resulting in an 
increase in the number of types used on the line with consequent 
increase in cost. Towers and insulators are very poor arresters. 
They may be satisfactory in relieving the overvoltage but every 
fiashover is attended by an interruption. 

It appears that the arresters should be called upon to perform 
the functions which Mr. Lewis assigns to the insulators of the 
last one-half mile of line. If the arresters are of insufficient 
discharge capacity they should be designed larger. Larger choke 
coils may be of distinct advantage or the installation of arresters 
on the bus. In any ease, the arresters should not be rendered 
useless by permitting fiashovers that will drop the line out of 
service when it can be avoided without additional cost. 


C. A. Jordan: (communicated after adjournment) Despite 
the general tone of optimism which pervades Mr. Lewis’ paper, 
lightning flashovers have occurred, and probably will continue to 
oceur, on the most strongly insulated lines in service today. 
Probably a greater percentage of high surges measured on trans- 
mission systems by surge-voltage recorders arise from direct 
strokes to line structures or conductors than is now generally 
realized. Especially for lines of moderate voltages, it is not to be 
expected that any amount of insulation or ground-wire protec- 
tion, within practical limits, will prove effective against these. 

By increasing insulation levels of important transmission 
circuits and installing additional ground wires, much may be done 
to increase immunity to the average run of severe induced surges; 
hardly, I believe, as much as Mr. Lewis anticipates, however. 
For some unexplained reason, the operating history of transmis- 
sion circuits with ground wires, engineered in accordance with the 
best modern thought, has fallen short of the bogey set by Mr. 
Lewis’ data. For the past two or three years, numerous and 
earnest efforts have been made to measure with klydonographs 
the shielding effect of ground wires on operating circuits, without 
finding voltage reductions of the order indicated in this paper. 
In fact, to my knowledge, no reliable records of any considerable 
reduction have been obtained to date. As the theory of the 
ground wire is generally understood, it must remain substan- 
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tially at ground potential to exercise any appreciable shielding 
effect. Quite apparently, due to impedance in the ground wire 
and its earth connections, and possibly due to other factors of 
which we now have no knowledge, field conditions depart 
materially from laboratory conditions, even in the best of 
circumstances. 

Since flashovers initiated by lightning cannot in the nature of 


things be avoided, it becomes necessary to exercise such control. 


as is possible over the locations of these flashovers. It is not 
always easy to incorporate this control as a basic feature of de- 
sign with confidence. The great difficulty is an almost utter 
ignorance of the surge impulse strengths, under various condi- 
tions, of the insulations commonly employed by the industry. 
I make this statement advisedly, having some slight knowledge 
of the research work which some manufacturers and operating 
companies have been, and are, conducting. Rational design 
will not be possible until the voltage-time characteristics and 
rates of fatigue of the common insulations, individually and in 
_ the combinations usually employed, have been determined, and 
. the range of surge characteristics to be met with in practise has 
_ been established. The application of the cathode ray oscillo- 
_ graph bids fair to supply much of the latter information within 
the next few years. Laboratories equipped with surge generators 
_ should not lag in developing technique and determining the 
equally important insulation characteristics. 
Only lightning discharges within-a very limited area sur- 
_ rounding the yard can affect the substation directly. Thus the 
_ IMaximum fundamental value of most surges which can appear in 
_ the yard will be governed by the surge flashover voltage (which 
is variable within wide limits) of the insulators at the line en- 
trance. If the yard and particularly the bus insulators are 
_ weaker than the entrance insulators for any surge condition, there 
is risk of yard flashover causing a station shutdown. If a 
_ flashover occurs on the oil cireuit breaker bushings, there is 
usually the same risk. If a surge of dangerous magnitude 
penetrates the yard still further to the transformers before finding 
a point of relief, there is possibility of transformer failure. 
Obviously it is preferable to avoid yard flashover entirely, if 
possible. 

It is because of the present lack of data upon which to base 
intelligent design, and the gradual realization of what must be 
done to improve the situation, that the self-protecting trans- 
former has, of recent years, received serious consideration as a 
forward step in system design. The self-protecting transformer 
is one in which the internal insulation, taken as a whole. is able to 
support any potential which can pass the bushing. Granted, 
bushing failure is undesirable, but as between bushing failure 
and transformer failure, the former is the lesser of the two evils. 

Mr. Lewis now proposes that the insulation strength of trans- 
formers to surge potentials be gaged in terms of the 60-cycle 
fiashover voltage of the insulators used on the lines for at least 
one-half mile immediately adjacent to the station, and suggests 
limiting values of line insulation for the nominal system voltages 
66 kv. and above. I do not believe this proposal, if generally 
adopted, will best promote the interests of the art. Aside from 
the obvious advantage of relieving the manufacturer from the 
development of improved methods of testing with a possible 
saving in production costs, no other advantage is, for the mo- 

. ment, apparent. On the other hand, the proposal has several 
Serious disadvantages and even dangers. 

The relative strengths of insulations vary materially with 
wave shape. Too little is at present known regarding distribu- 
tion of surge stress throughout yards and apparatus in general, 
and transformers in particular, to feel any degree of confidence 
that all will be well if insulation strengths are graded for 60-cycles 
alone. Mr. Palueff in his discussion has analyzed this situation 
very well as regards the transformer. 

The restriction of line insulation in a zone a half mile or more 

around a station has the serious operating disadvantage that it 
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inereases the likelihood of unnecessary line interruptions, even 
though ground wires be used, because advantage cannot be taken 
of surge attenuation in this zone. Such an extensive arrange- 
ment of “impulse spillways” does not seem necessary. A number 
of operating companies is using one set of protective gaps at the 
line entrance or elsewhere in their yards with satisfactory per- 
formance in limiting the magnitude of surges passing a point. 

Modern high-voltage switchyards are usually quite extensive. 
A line entranee may be 1000 or more feet distant from a trans- 
former bank. Limitation of line insulation at point of entrance 
would be of litile benefit to the distant transformer bank. It 
is true that such a ease is special and protective gaps or lightming 
arresters should be installed adjacent to transformers, the line 
insulation no longer being the governing factor. But the point 
is that a high percentage of installations would be special and the 
proposal to reduce insulation adjacent to the station could not be 
applied universally, even if it were desired to do so. 

The greatest danger to progress would be a tendener, at a 
path of least resistance, to perpetuate the expression of one thing 
in terms of something entirely different, and related to it only m 
a very general and variable way. A sound eventual solution 
eannot be expected in thatmanner. The only cure is continned 
investigation and research. It will cost the indusiry effort and 
money, but I believe the expenditure will be more than justified. 

W. W. Lewis: Referring to Mr. Peters’ statement as to the 
effect of the capacitance of a high-voliage bushing in modifying 
an impulse which may reach the bushing from a transmission 
line: 

I do not believe that a high-voliage bushing will have very 
much effect in this respect. This is apparent from the following 
consideration: An overhead transmission lime has a capacitance 
to ground of the order of 0.010 wf. permi. The capacitance of a 
power transformer from high-voltage terminal to ground is of 
the order of 0.002 yf. and a high-voltage bushing has a capaci- 
tance to ground of the order of 0.0002 wi. Thums it will be seen 
that the capacitance of the transformer itself is 10 times that of 
the bushing and the latter has a capacitance that is equivalent 
to only 1/50th of a mile of ine. In addiiion. the station busbars 
have an appreciable capacitance to ground, in some cases equal 
to or greater than that of the transformers. 

Neither the transformer nor bushing capacitance would have 
any appreciable effect on a wave of very long duration. A short 
Wave or a wave that had been chopped off by the Ime insulators 
would be affected slightly by the combined capacitance of the 
busbars, transformers, and bushings. The greater effect, 
however, would be due to the capacitance of the busbars and 
transformers. The bushings would have an insignificant effect, 
as they only add a few per cent to the station capacitance. 

In considering these matters, we should take account noi 
only of the most favorable cases, but also of the most severe 
eases. In these cases, we will not be able to lean very heavily 
on the station capacitance, which is too low to give much 
protection. 

Philip Sporn: (communicated after adjournment) I was 
frankly very much disappointed and surprised at the stand taken 
by Messrs. Monisinger, Lloyd, Peek, and Peters in regard to the 
question of actually measuring impulse voltage. They stated 
it would be better to specify impulse strength in terms of in- 
sulaitors. Disregarding the point that Mr. Peek himself made, 
that it isn’t until you begin to express data or relationships m 
actual numerical quantitites that you can claim that you are 
even beginning to talk in a scientific manner, I think there are 
numerous objections to expressing impulse strength in terms of 
insulators. 

For one thing—and I believe this is the principal objection— 
there is great danger that by adopting that practise we will 
only continue the situation that we are confronted with now, 
which is admittedly bad. The operating people now find that 
they had been lulled into a false sense of security: they bought 
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equipment that was apparently good for certain voltage and sat 
back satisfied but later found it was breaking down, and it 
wasn’t breaking down at the voltages for which they bought it 
but at other voltages. If the equipment is able to stand up for 
those other voltages they might as well know what magnitude 
it ean stand up to and then they can use their judgment in 
determining how much of a factor of safety they ought to have. 

Another objection to the proposed method of measurement is 
the fact that when we do express insulation strength in terms of 
insulators it might get us in trouble under a situation where a 
wave below the flashover value, say of the bushing of the trans- 
former, comes in and is reflected at the transformer itself. 

There is still a further objection, particularly on low voltage 
where wood lines are used. That is, if you talk of transformers 
or other apparatus as being good for a eertain number of in- 
sulators, there is danger it will be taken at its face value, and 
we are going to have the diffieulty that we are confronted with 
today and which Mr. Palueff brought out, and that is that you 
might have five insulators on a wooden line but the equivalent 
insulation strength might be actually 12. 

Tt seems to me several of these difficulties could be eliminated 
if we started to express these values as actual numbers. 

The objection has been raised that we haven’t a standard. 
Well, that is only another good argument for establishing one. 
Standards have been established with regard to other quantities 
and ean be with regard to this. : 

I don’t think that anybody is particularly anxious to get in- 
sulation values down to a point where they will be expressed in 
such values that the accuracy will be good to plus or minus one 
per cent, but even though we don’t go to such precision it will 
be still better, I think, to express them in aetual numbers. 

I think Mr. Forteseue has brought out the fact that the im- 
pulse flashover on a wave where the peak isn’t reached in less 
than a microsecond is the power frequeney flashover value. 
That may be so. I don’t think there is any agreement on that, 
and it only brings out a point I have made, that we are still 
groping blindly and will continue to do so until we get some 
actual oseillographs on a number of systems, on many systems, 
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and get hundred of oscillograms and find out exactly what light- 
ning is and what its limits are, and so forth. 

Mr. Peters has stated that he believes that the conditions 
today are very good and that, in general, transformers are stand- 
ing up well, and apparently there is really no reason for disturb- 
ing them. I find it difficult to agree with that point of view. 
You don’t have to have ten per cent of your transformers or of 
your other equipment failing to be in real trouble. For a partic- 
ular station which may be one out of fifty stations on a system, 
a failure once a year or once every five years is a very serious 
matter, and if may cause considerable damage. 

Neither do I agree with Mr. Peters in his statement that, if 
the strengths that were proposed in Table VIII were spaced by 
a practical amount instead of roughly the ten per cent as was 
suggested, the link of highest installation would reach so high a 
value that it would be entirely impractical. JI know that in our 
own company we have now for a period of eleven years on one 
particularly extensive system been buying transformers con- 
siderably over-insulated; in fact, the standard specified has been 
a three times normal test instead of twice normal—the present 
A. I. E. E. Standard. Quite regularly, generally once a year, 
we survey the results of previous years to see whether we want 
to continue the same policy for the following year or two, and 
so far we have found it a paying proposition to continue it. I 
know, too, that we found it necessary to go up to higher in- 
sulations than the Institute Standards on some of our other 
voltages, and I believe there is quite a number of other operating 
companies doing, or starting to do, the same thing today. 

I do not think that the question of rationalizing insulation 
strength is a particularly easy one, and I certainly did not want 
to convey the impression thatitis. But suppose itisn’t. There 
is a lot of work to be done on it. But if you examine Figs. 1 and 
4 in the paper, Fig. 1 showing the present status with regard to 
insulation and Fig. 4 the proposed arrangement and presumably 
the status that will exist if the idea with modifications is earried 
through, I think that there is a good chance that the conclusion 
will be that all the trouble that may be necessary to bring about 
the conditions shown on Fig. 4 will have been worth while. 


High-Speed Recorder 


BY:C. TI HALL! 


Fellow, A. I. E. E. 


Synopsis.—This paper describes a new electrical instrument 
for automatically recording variations of electrical functions at high 
speed. The rate of chart.motion is lower than that of the oscillograph 
‘so that the envelope of an a-c. wave is produced. This recorder has 


INTRODUCTION 

HE rapid adoption of interconnection and the 
formation of complex power networks have made 

it increasingly difficult to provide adequate relay 
protection for these systems. The location and settings 
of selective relays must be such that overloaded or 
faulty lines are promptly isolated and cut off with a 
minimum of interference to the service continuity of 
the remainer of the system. The high-speed recorder 
is an instrument which has been designed particularly 
as an aid in the solution of these problems. It has been 
built in a variety of forms having either one or more 
recording elements and giving either maximum values 
only, or records having a time base. It is started auto- 
matically by the excessive current incident to the fault 
and begins to record in approximately 0.03 sec. In its 
four-element form, it gives simultaneous records of the 
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neutral ground current and each phase-voltage, for a 
period of 10 sec. after the occurrence of the fault. 
This covers the life of the disturbance, since the faulty 
section is usually cut off in a few seconds by the pro- 
tective relays. 

Although the high-speed recorder was designed 
primarily as an aid in the study of line faults, it is 
obvious that it has numerous other applications, some 
of which are mentioned later. The recorder may be 
used in nearly any application in which automatic 
starting or high-speed recording are necessary. 

The use of the recorder in analyzing transmission 
line faults has been described by E. M. Tingley in 


1. Engineer, General Electric Co., Fort Wayne, Ind. 
Presented at the Northeastern District No. 1 Meeting of the 
A. I. E. E., New Haven, Conn., May 9-12, 1928. 
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been successfully applied in the analysis of breakdowns on trans- 
mission lines, giving data used as the basis of securing improved 
selective relay protection and for other problems involving automatic 
high-speed recording. 


a paper entitled The Hall High-Speed Recorder.2 In- 
cluded in this paper were numerous records made in 
service on the system of the Commonwealth Edison 
Company. The purpose of the present paper is to 
deal particularly with the design and construction 
of the recorder, including sufficient test records to 
illustrate the varied application of the instrument. 


REQUIREMENTS OF RECORDER 


The design of the recorder incorporates the following 
features, which are considered essential to a_device 
of this class: 


a. Automatic Operation: Recording is started by a 


Fig. 2—Interior oF Four-ELEMENT RECORDER 


high-speed relay actuated by increase in line current or 
other determining variable. 


b. Speed of Recording: The record shows values 
for each half cycle on 25- and 60-cycle circuits. 


ce. Minimum Delay Before Beginning to Record: The 


total time after occurrence of the fault until the device 


begins to record is approximately 0.03 sec. It is 


2. The Hall High-Speed Recorder, E. M. Tingley, 1928 
QUARTERLY TRANS., No. 2, Vol. 47, p. 252. 
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obvious that this lag must be short in order that no 
part of the record be lost. 

d. Sturdy Construction: Comparable to portable 
ammeters and voltmeters. The instrument contains 
no delicate parts which are likely to become damaged 
with ordinary handling and care. 

e. Portability: The recorder may be easily moved 


Fig. 3—AvxiILiaRY RELAY FOR Four-ELEMENT RECORDER 


about from place to place, and set up in condition for 
recording. 

f. Improved Light Source: The light source is 
more effective and efficient than types used heretofore. 
An intensely brilliant point of light is produced on the 
recording film, yet the input is low, so that dry cells can 
be used as a power source. 

g. Daylight Loading: Standard photographic film 


Fie. 4—Recorp Mapr sy Four-Etement RECORDER ON 
System or COMMONWEALTH EpIson Company 


holders are used, enabling loading and unloading in 
daylight as with an ordinary camera. 


CLASSES OF RECORDERS 
As previously mentioned, the recorder has been 
produced in both four-element and single-element form. 
Views of the former device are shown in Figs. 1 and 2 
while the latter is shown in Figs. 7 and 8. 
Fig. 4 shows a chart obtained from a four-element 
recorder in service on the lines of the Commonwealth 
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Edison Co. The upper record of this chart gives the 
variation in neutral ground current while the three 
lower records give voltage values on the three phases. 
Ordinates represent current and voltage values, and 
time movement is from left to right. 

Fig. 10 gives a group of four calibration records 
made with a single-element recorder of the stationary 
film type. With this construction, maximum values 
only are recorded. The single-element recorder has 
been arranged also to give time-base records by the 
application of the moving film mechanism shown in 


Electrical Measuring Element 


Fie. 5—Scuematic Diagram or Ligut Source AND OPTICAL 
SysteM, Four-ELEMENT RecorpDER. (Sipe View) 


Fig. 9. The latter is contained in a light-tight case 
which is attached to the top of the recorder proper, 
taking the place of the ordinary film holder shown in 
Eigen: 


LIGHT SOURCE 


A side view of the four-element recorder drawn 
schematically is shown in Fig. 5. This cut also illus- 


Fig. 6—Evectricat MrasurinG ELEMENT. FRONT AND REAR 


VIEWS AND VANE ONLY 


trates the type of light source used in all recorders. 
A small concentrated filament automobile type lamp, 
A, is placed in one end of a light-tight tube which also 
contains lenses B and D and a highly polished metallic 
hemispherical mirror C. The rays from the lamp are 
focused upon the hemispherical mirror, which, through 
reflected light, becomes a secondary light source of very 
small diameter and high intensity. The rays from 
this secondary source pass through lens D to the 
galvanometer mirror E,,from which they are reflected to 
plane mirror F'and thence are focused upon the record- 


sar 
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ing film. During the time of recording, the plane mirror 
F is rotated at a definite rate in the direction indicated 
by the arrow by a governor-controlled spring motor. 
This rotation of mirror F causes the recording point of 
light to move across the stationary film at the rate of 
lin. per sec. Only one lamp and secondary source are 
required for all four recording elements, as four lenses 
D, located in an arc of a circle above C and transmit- 


Fic. 7—GENERAL VIEW OF SINGLE-ELEMENT RECORDER 


ting light to four individual galvanometer mirrors 
are used. This will be understood by referring to 
Fig. 2. 

ELECTRICAL ELEMENT 


A detailed view of a recording element is shown in 
Fig. 6. This element consists of a soft iron yoke 
supporting two adjustable poles which carry the 


Fic. 8—Inrerior oF SINGLE-ELEMENT RECORDER 


winding. The moving element is a soft iron vane, 
mounted rigidly on the end of a stiff duralumin rod 
and set at an angle of 45 deg. to the flux path between 


‘the poles. An aluminum support riveted to the 
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vane carries a galvanometer mirror and a guide bearing 
pivot. The vane and mirror assembly is shown be- 
tween the front and rear views of the complete element. 
For use on a-c. circuits the electrical elements are 
connected to the lines through transformers contained 
within the recorder. In this way, proper ratings are 
obtained and a standard element can be used for re- 
cording either current or voltage. When d-c. circuits 
are being studied, the transformers are replaced by 
special external shunts. 

The moving system or vane is of low inertia and high 


Fic. 9—Movine Firm MecHANnisM FOR SINGLE-ELEMENT 
RECORDER 


period of oscillation, so that it readily follows changes 
during each half cycle. In contradistinction to the 
usual indicating or recording element of standard 
instruments having a fine hair spring for furnishing the 
restraining torque, the elements of the high-speed 
recorder use the torsional force in the stiff duralumin 
rod mentioned above, to return the element to its zero 
position. The use of this relatively stiff moving system 


Fig. 10—Caripration Recorps Mapge Wit SINGLE-ELEMENT 
RECORDER 


results in a very reliable element which is not liable to 
damage in shipment or handling. The light beams 
and photographic film used in recording also eliminate 
the inertia inherent in other methods of recording. _ 
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OPERATION 


As indicated earlier, the high-speed recorder begins 
operation automatically upon the occurrence of an over- 
load, or fault. This is accomplished through a high- 
speed current-operated relay which is continuously 
connected in the neutral ground circuit. The high- 
speed relay for the four-element recorder is contained 
in a separate case (Fig. 3) while that for the single- 
element device is contained inside the case of the 
recorder proper. 

In operating, the high-speed relay energizes three 
small contactors which connect the voltage elements 
to the line. The high-speed relay also turns on the 
recording lamp and releases a constant speed spring 
motor which rotates the plane mirror F of the four- 
element recorder or advances the film in the single- 
element recorder. At the end of the recording period 
a contact is opened by thespring motor which com- 
pletely deenergizes the recorder control circuit, turning 
off the light source and disconnecting the recording 
elements.. The operator, upon arrival, renews the film, 
rewinds the spring motor, and releases a latch in the 
high-speed relay. The recorder is then ready for opera- 
tion again, and the exposed film is taken into a dark 
room for development. 


RECORDS 


The size of record furnished by the four-element 
recorder is 11 in. by 14-in., and is made on standard 
film. The records made by the single-element recorder, 
stationary film type, are 314 in. by 414 in. and are also 
made on standard film. The single-element recorder 
for moving film uses standard 34 in. by 54% in., 12- 
exposure Kodak film. 


SCALES 
.Standard deflection scales are as follows: 


a. Four-element device 
70 volts per in. 
5 amperes per in. 
b. Single element (ammeter) 
On 30 ampere coil —10 amperes per in. 
On 60 ampere coil*—20 amperes per in. 


TIME LAG OF RELAY AND LAMP 


It is important that the time required for the high- 
speed relay to operate and for the lamp filament to 
reach recording brilliancy be very short, in order that 
the record may cover the complete disturbance. Tests 
have shown these time lags to be as follows: 


*Norz. The ammeter coil of the single-element recorder is 
equipped with tapsso that if desired, only one-half of the winding 
may be used, thus doubling the eurrent capacity of the 
instrument. 
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a. Lag of High-Speed Relay on 60 Cycles 


Per cent of critical 


current Time in sec. Cycles at 60 ~ 

150 0.0058 0.348 
200 0.0035 0.210 
500 0.0020 0.120 
1000 0.0012 0.072 
2000 0.0010 0.060 

_ b. Lag of Recording Lamp 

Time in sec. 

Lamp for lamp to 

rating Volts applied begin to record Cycles at 60 ~ 


18-24 v., 27 cp. 


auto headlight. 35.5 0.027 1.62 


c. Total Time to Begin to Record 
(Sum of lags of high-speed relay and lamp) 


Per cent of critical 
current 


Time in sec. Cycles at 60 ~ 


150 0.033 UP 
200 0.031 1.83 
500 0.029 1.74 
1000 0.028 1.69 
2000 0.028 1.68 


MISCELLANEOUS APPLICATIONS 


The possible applications of this type of instrument 
are numerous and varied. Figs. 11 and 12 show test 


Abi tee al hil 


1. 20-Ampere load applied to 1-kw., 150 volt, d-c. motor-generator set. 
2. Starting current of 200-watt Mazda O lamp. 


records made using slight modifications of the standard 
recorder in order to give a time scale of 5 in. per sec. 
and also to add a timing indication to the chart. The 
latter was done by focusing the rays of a small high- 
speed filament hydrogen-filled lamp on the lower edge 
of the film. This lamp was operated by a 60-cycle 
supply circuit and thus produced on the record a row 
of timing dots 1/120 sec. apart. 

Chart 1, Fig. 11 shows the variation in current 
following the application of a 20-ampere load to a 
150-volt d-c. line supplied by a small 1-kw. motor- 
generator set. The record shows how the current rose 
at once to a maximum value and then tapered down 
gradually, owing to a reduction in speed of the over- 
loaded motor-generator. The detail of the record is 
exemplified by the small variations in the record line 
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caused by sparking of brushes. The timing dots 
show that the complete interval during which the 
circuit was closed was 1.2 sec. 

Chart 2, Fig. 11 shows the starting current of a 
200-watt Mazda C lamp, indicating the initial rush of 
current with cold filament and the reduction in value 
as the filament becomes heated. 

Fig. 12 shows the blowing of plug and cartridge 
fuses under various conditions on a 220-volt d-c. 
circuit. In each chart, ordinates represent current 
values and time reads from left to right. Chart 1 


was made by a 6-ampere plug fuse connected in series - 


with a 20-ampere resistance load. The fuse blew in 
approximately 0.75 sec. and the are was extinguished 
quickly. Chart 2 was made by another plug fuse of 


Fig. 12—Buowine or Fuses on 220-Vout D-c. Circuit 


6-Ampere plug fuse on 20-ampere resistance load 
Same as ‘‘1’’ except inductive load 

5-Ampere cartridge fuse on 20-ampere resistance load 
Same as ‘‘3’’ except inductive load 


Py bei 


the same rating and with the same current value, but 
using an inductive rather than a resistance load. 
It will be noted that in this case the current value 
builds up more gradually and that an are continues 
for about 0.35 sec. after the fuse wire has melted. 

Chart 3, Fig. 12 shows the blowing of a 5-ampere 
cartridge fuse on a 20-ampere resistance load. Chart 4 
shows the same conditions except for the substitution 
of an inductive load. It will be noted that the car- 
tridge fuse opened the inductive current without the 
formation of an arc. , 

Other suggested uses for the high-speed recorder 
include the investigation of starting currents of motors, 
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motor current values on high overloads of short dura- 
tion, brief reductions in line voltage due to starting of 
motors or other high-current loads, and general labora- 
tory investigations where the device may be used for 
visual readings or permanent records. 


Discussion 


HALL HIGH-SPEED RECORDER 
(Hatt) 
PAGES FROM THE HALL HIGH-SPEED RECORDER‘ 
(TINGLEY) 
New Haven, Conn., May 9, 1928 

Alexander Dovjikov: In an effort to overcome the slow 
response of ink-recording instruments, Mr. Hall devised the 
instrument described in his paper and in the paper by Mr. 
Tingley. This instrument is of the type intermediate between 
the ink-recorder and the oscillograph. By introducing the 
galvanometer and photographic method of recording, Mr. Hall 
eliminated to a certain degree the distorting features of the mov- 
ing masses of the recorder although a small amount of over- 
shooting may still be observed on the records. 

The convenience of the Hall recorder in using the stationary 
plate instead of-a rotating film as in the oscillograph is compen- 
sated by the fact that the former cannot record a second dis- 
turbance until the photographic plate is changed. Due to this 
limitation the instrument will require more attention and in 
certain cases the operation of the system, such as the reclosing 
of a breaker on a fault, cannot be recorded unless the time of a 
single operation of the recorder is unreasonably extended. 

The statement of Mr. Tingley that “starting on neutral 
ground current is the best compromise that can be effected” 
may be true in application to Mr. Tingley’s system for measuring 
of values he had in mind but is not generally true for all systems 
because this relay, functioning on ground current, will not oper- 
ate in case of a phase-to-phase short circuit unless it develops 
into a fault to ground. We believe that a modified negative- 
sequence relay, which may be applied to grounded or ungrounded 
systems and will operate in the case of a ground fault as well as 
in the ease of a phase-to-phase short, will be preferable in many 
cases. 

C. I. Hall: Mr. Dovjikov mentions the moving masses of 
the recorder, as affecting the accuracy of the instrument. It 
should be understood that the recorder element has been so 
designed as to have a minimum of inertia and high restraining 
torque in the torsional rod carrying the vane. The angular 
twist of the recording vane is very small (about 1.2 deg. per in. 
of deflection on the film). In addition, the optical method of 
recording eliminates all inertia effects other than those originating 
in the galvanometer element. As the result of the foregoing 
features of design, overshooting of the recording element is 
small and is not sufficient to interfere with the commercial 
accuracy of the instrument. 

The comment has also been made that the stationary film 
used in the recorder permits of recording only one disturbance 
without renewing the film. This is true of the four-element 
recorder only, as the single-element device is equipped with an 
automatic moving film mechanism which records four successive 
disturbances. 


1. A.I. E.E. Quarterly Trans., Vol. 47, No. 1, Jan. 1928, p. 252. 


A High-Speed Graphic Voltmeter 


for Recording Magnitude and Duration of System Disturbances 


BY A. F. HAMDE 


Member, A. I. E. E. 


Synopsis.—This paper deals with a graphic voltmeter for 
recording the magnitude and duration of system disturbances. 


INTRODUCTION 


HE high-speed recording voltmeter described in this 
T paper is one of a number of types now on the mar- 
ket which have been built in order to supply the 
needs for a type of instrument which would give an accu- 
rate record of system disturbances. It was felt that such 
instruments would be useful in determining actual mag- 
nitude and duration of disturbances and their relation 
to the operation of high-tension circuit breakers and 
relays on apparatus connected to the system. 


The first part of this paper deals with the description 
of the electrical and mechanical details of this instru- 
ment, with particular reference to the requirements 
which were submitted to the manufacturers who 
developed the device. These requirements resulted 
from four years of operating experience with a similar 
type of instrument which accomplished the results 
desired. The second part of the paper deals with the 
interpretation of the records obtained and their value to 
the engineering and operating departments in analyz- 
ing system disturbances. 


Several years ago the Engineering Department and 
Test Department of the New York Edison Company 
investigated the methods available for obtaining records 
of voltage dips during disturbances on power systems, 
and as a result an instrument was developed which 
consists of a high-grade graphic voltmeter driving a 
chart at normal speed and an auxiliary circular chart 
driven at relatively high speed. To the pen arm of the 
graphic voltmeter is attached a long pointer in addition 
to the standard pen of the instrument. This long 
pointer reaches over to a circular smoked chart which 
revolves at the rate of 2.5 rev. per min. (24 sec. 
per revolution). This circular chart is driven by a d-e. 
motor operating from the station control battery so 
that its speed is not influenced by the changes in system 
voltage. With this device it is possible to obtain 
records of both magnitude and duration of all dis- 
turbances. Two of these instruments have been in 
successful operation for four years and have given quite 
satisfactory results. The main objection to this device 
is that the smoked chart has to be renewed after each 
disturbance. It was therefore desired to obtain an 


1. Assistant Engineer, The New York Edison Company, 
New York. N. Y. 

Presented at the Regional Meeting of the A. I. E. E., 
Northeastern Dist. No. 1, New Haven, Conn., May 9-12, 1928. 
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It also deals with operating experiences with this device, together 
with the importance of the data obtained. 


instrument which would eliminate the above difficulty 
by giving the high-speed record on the standard strip 
chart. 

From the operating experience obtained with the 
above instruments, certain specifications were drawn 
which were placed in the hands of instrument manufac- 
turers and resulted in the development of the instru- 
ment described in this paper. With this device the 
high chart speed is 3600 times the normal chart speed 
and the change-over is accomplished in 0.05 sec. or less 
(1 to 3 cycles for 60-cycle systems). 

The following characteristics were required: 

1. A graphic voltmeter responsive to all voltage 
fluctuations, but well damped so as to be free from over- 
or under-shooting even for 100 per cent voltage fluctu- 


Fig. 1—Gernerat View oF A GrapHic SysSTEM—DISTURBANCE 


RECORDER 


ations (suddenly energized to 115 volts or 115 volts” 
suddenly interrupted). 

2. Instrument to take 1.0 sec. or less to reach 115 
volts when suddenly energized. 

3. High-speed timing accuracy to be within 0.1 sec. 

4. Chart acceleration time 3 cycles or less on 60- 
cycle systems (0.05 sec.). 

5. Low-voltage relay capable of being set to func- 
tion on a voltage dip of 5 per cent of normal or less. 


The manufacturers were left entirely free to work out 
all details. 


DESCRIPTION 


The device described in this paper is illustrated in 
Fig. 1. It consists primarily of a standard type of 
graphic voltmeter A, a chart accelerator B, a contact- 
making voltmeter C, and the necessary resistors D and 
E. The wiring diagram of this device, together with 
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the schematic layout of the component parts, are shown 
in Fig. 2. 

All the component parts of the above device are 
designed to operate at 115 volts, 60 cycles, with the 
exception of the magnetic clutch, which operates at 
120 volts d-c. The contact-making voltmeter can be 
set to function at all dips in voltage amounting to two 
per cent of normal, or more. Actually, however, it is 
set to function at 5 per cent dips. 

Under normal operating conditions the strip chart of 


A.C.SUPPLY 


D.C.SUPPLY 


V.M. CHART MOTO! 
TERMINALS TERMINALS 


INDUCTION MAGNETIC 
MOTOR CLUTCH 


CONTACTS 
CLOSED BY CAM 


GRAPHIC NOLTMETER CHART hopes CONTACT yest VOLTMETER 


Fig. 2—Scurmmatic Layout anp WIRING D1aGRAM 


the graphic voltmeter A runs at the normal speed of 
3 in. per hr.; the salient-pole induction motor of the 
accelerator B runs continuously at synchronous speed; 
and the contact-making voltmeter C being energized at 
full voltage holds open its contact V. As soon as a dip 
in voltage occurs, amounting to five per cent of normal 
or .more, the contact-making voltmeter closes its 
contact and energizes the magnetic clutch of the chart 
accelerator B. When the clutch engages, the chart 
accelerator motor runs the strip chart of the graphic 


ME NECESSARY TO START 
GH CHART SPEED 


HI 


Tl 


‘PER CENT DIP IN VOLTAGE 


Fie. 3—Startine Time or Hien Cuartr Sprep 


voltmeter at the high speed of 3 in. per sec. The 
high speed continues even after the disturbance is over, 
for a length of chart equivalent to 24 hr., or 24 sec. in 
actual time. At the end of this time, a cam, which 
is operated by a worm gear, located on the magnetic 
clutch shaft, opens the circuit of the magnetic clutch at 
point X (see Figs. 1 and 2). If the voltage is back 
to normal, the slow chart speed is resumed as the 
contact-making voltmeter contact V would then be 
open. In case the voltage is still below normal, the 
contact-making voltmeter will have its contact V 
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closed and the cam will keep the device running at high 
speed for an additional period of 24 sec. Normally 
the cam holds the contact at X open. 

The time necessary for the accelerator to speed up the 
chart has been carefully investigated and was found to 
be dependent upon the magnitude of the voltage dips 
which affect the speed of operation of the contact-mak- 
ing voltmeter. For all dips amounting to more than 
20 per cent of normal the device requires 0.02 sec., 
(1.2 cycles) to change over to the high speed. With 
dips less than 20 per cent, the change-over time may 
be as high as 0.05 sec. (3 cycles). The variation in 
this time is shown in Fig. 3. 

The timing accuracy of the high-speed chart is correct 
within 0.1 sec. for the full length of the high speed run 


ERROR IN HIGH 
SPEED TIMING 


70 8 2 100 


L 
270 30 «440 «50 «660 
PER CENT DIP IN VOLTAGE 


Op IO 


Fie. 4—Timine Error 1n 24 Suc. ar High Cuart SPEED 
(72 in. length of chart) providing the dip does not exceed 
50 per cent of normal. For greater dips in voltage, the 
accelerator motor slips and the timing error becomes 
greater. The curve in Fig. 4 shows the timing error 
during 24 sec. for voltage dips up to 70 per cent. For 
voltage dips beyond 70 per cent the driving motor stops 
if the disturbance is sustained. However, the motor 
requires about 5.5 sec. to come to rest even if the voltage 
fails completely. Fig. 5 shows the record of a 100 per 
cent dip lasting for 1.08 sec., where the magnitude was 
correctly recorded. The time was in error by 0.2 sec. 
It should be noted, however, that for 100 per cent dips 
lasting for more than one sec. the magnitude can be 
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oan a 
5—Trst Recorp or a CoMPLETE VOLTAGE FAILURE 
Voltage reestablished at the end of 1.08 sec. 


Fig. 


obtained directly from the chart even though the dura- 
tion is not correctly recorded. 

To permit correct time resetting for slow speed after 
a disturbance, the high speed should last 24 sec., but 
actually it lasts only for about 23.96 sec. Therefore, 
there is a reset error in timing amounting to approxi- 
mately 0.12 in. of chart length, which at slow speed 
means 2.5 min. 
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After the contact-making voltmeter operates to 
energize the magnetic clutch, 0.28 sec. is required for 
the cam to close the “‘hold-in” contact at X (see Fig. 2). 
Therefore, for disturbances having durations of less 
than 0.28 sec., the high speed lasts only as long as the 
disturbance, and the cam does not come into play. 
Fig. 6 shows such a short duration disturbance which 
was cleared in about 0.1 sec. However, ifa number 
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Fie. 6—ReEcorp or Momentary System GRouND—CAUSE 


UNKNOWN 


of short disturbances occur in succession, the cam will 
close the contact at X and a length of chart equivalent 
to 24 hr. will be run off as soon as the several short 
duration disturbances add up to 0.28 sec. 

In Fig. 7 is shown a set of calibration curves applying 
to this recorder. These curves have been prepared by 
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Fie. 7—CaiBRaTion CurvES FOR DETERMINING TRUE 


VoutTaGcEe Dip 


subjecting the device to voltage dips of known magni- 
tude and duration, and plotting voltage values obtained 
from the chart (ordinates) against time (abscissas). 
Normal voltage was 115 volts. 


The following procedure would be used to obtain the 
magnitude of a disturbance of known duration. From 
the high-speed section of the chart, obtain the apparent 
maximum dip in: voltage and the duration of the dis- 
turbance. Plot the point corresponding to these two 
observations on the calibration curves. The true per 
cent voltage dip can then be obtained by comparing 
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the position of the point so plotted to the calibration 
curves.. As an example, if the apparent voltage dip 
were 40 volts, and the duration of the disturbance were 
0.40 sec., we find by reference to Fig. 7 that the point 
determined by these two values falls very close to the 
60 per cent dip curve. Therefore, we conclude that 
the actual dip was approximately 60 per cent of normal 
or 70 volts. 

In connection with these calibration curves it should 
be pointed out that it is quite essential to have a 
properly damped instrument. If the instrument over- 
shoots to a considerable amount, the records will not 
be smooth curves as shown in Figs. 8, 9, and 10, but will 
be wavy curves. Reference to the calibration curves 
in Fig. 7 shows that in the case of the instrument 
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1.30 SEC. 


22.60 SEC. 
*A’= 31 VOLTS APPARENT AND ACTUAL 


Fie. 8—Recorp or SHortT Circuit on 13,800-Vott FEEDER 


discussed, there is no overshooting and the instrument 
reaches full indication in about 1.1 sec. In other 
words, for disturbances lasting over 1.1 sec. there is no 
need for reference to the calibration curves, as the maxi- 
mum dip recorded on the strip chart is the true dip. 


OPERATING EXPERIENCE 


Since this instrument was placed in service, on a 60- 
cycle cable system, 15 records of voltage disturbances 
were obtained. Most of these voltage dips were 20 
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Fie. 9—Recorp or SHort Circuir on 13,800-Voutr FEEDER 


per cent or less of normal voltage and the trouble was 
cleared from the system automatically in 1.5 sec. or 
less. While practically all of these faults show the same 
characteristics, there wereafew cases of rather different 
nature which illustrate the adaptability of the instru- 
ment for this service. In the following figures the 
smooth voltage recovery sections have been cut off 
in order to shorten the length of the records.. The 
broken lines show where chart sections have been 
cut off. 
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Fig. 8 is a typical record which is representative of 
the voltage disturbances resulting from faults on the 
system. This record shows a dip of 31 volts, orapproxi- 
mately 26 per cent, the disturbance being cleared by 
the opening of the circuit breakers after 1.3 sec. It may 
be noted that the duration of the disturbance is mea- 
sured from the start to a point where the voltage begins 
to recover. 

Fig. 9 illustrates a disturbance which lasted for 1.34 
sec. before it was finally cleared. The first circuit 
breaker opened after 0.50 sec., while after an addi- 
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tional 0.84 sec. the second circuit breaker cleared the 
other end of thefeeder. Since the first switch opened 
after but 0.5 sec. the instrument did not attain its maxi- 
mum swing, the calibration curves showing the actual 
dip to be 20 volts instead of 15.5asrecorded. Thiscurve 
also illustrates the manner in which it is often possible 
to obtain a check on relay operations, as two distinct 
circuit breaker operations are indicated. 

Fig. 10 is an unusual case in that the disturbance 
lasted for approximately 15 sec. before it was finally 
cleared. In this case a triplex cable became grounded 
at a considerable distance from the supply end and was 
not cleared immediately because the moderate ground 
current was insufficient to cause the overload relays to 
operate. The voltage dip due to the ground was 
approximately 11 per cent and lasted about 10.55 sec. 
Apparently the ground then developed into phase 
trouble causing a dip of about 28 per cent and was 
finally cleared after an additional 4.45 sec. 

In each of the above cases the records show that a 
considerable length of time is required for the voltage 
to return to normal. Of this time, one sec. is due to 
time lag in the instrument if the dip is 100 per cent. 
If the dip is less than 100 per cent, the time lag of the 
instrument will be correspondingly reduced. 

Fig. 6 illustrates a case in which a momentary ground 
occurred which apparently cleared itself in about 0.1 
sec. The contact of the contact-making voltmeter 
opened before the cam could operate the hold-in con- 
tact to continue the high-speed operation. 

While an instrument of this nature will not record 
instantaneous changes in voltage or current, it does 
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afford a means of giving directly a fairly accurate 
picture of the disturbance even though it may last 
several minutes. All disturbances are recorded by 
this instrument even if they last more than 24 sec. 
because the instrument will operate continuously 
through successive periods of 24 sec. as long as the 
contact-making voltmeter contact isclosed. An instru- 
ment designed to operate on current instead of voltage, 
for example, would give a record of surging between 
generating stations due to a condition of instability 
which might last for several minutes. Such an instru- 
ment may also be installed at grounding points to 
indicate the magnitude and duration. of ground fault 
currents as a check on the effectiveness of the grounding 
itself and for checking relay operations. 


The results obtained with the device described have 
been quite satisfactory from both the operating and the 
maintenance standpoints. The records obtained have 
given sufficiently accurate information in regard to the 
magnitude of voltage dips and their relation to operation 
of low-voltage relays. These records have an addi- 
tional value in that they often afford a means of check- 
ing automatic circuit breaker operations and also give 
a fairly accurate indication of the effect of faults on the 
system in general. 


Discussion 


J. E. McCormack: (communicated after adjournment) We 
have had some experience with an instrument similar in con- 
struction to the one described by Messrs. Hamdi and Braley in 
their paper. . 

We have experienced considerable difficulty in maintaining 
an accurate calibration on this instrument. The graphic volt- 
meter is equipped with an oil dash pot to damp the meter and 
prevent overswinging on a dip. The calibration of the meter 
depends almost entirely on the amount and viscosity of the oil’ 
in the damping chamber, and changes in temperature, or evapora- 
tien or leakage of the oil, will throw the calibration off. 

We have also found that the slip of the induction motor driving 
the high-speed device is sufficient to cause a discrepancy in time 
as high as fifteen or twenty minutes on each high-speed run. 
This discrepancy varies with the amount and duration of the 
dip in voltage. 

In respect to the electrical location of the disturbance recorder 
in the station, we have found that the only satisfactory method 
of connection is on one phase of one feeder or bus section. An 
attempt was made to connect a recorder to six 13,200-volt feeders 
on two sections of a bus, but the voltage difference between the 
two sections was sufficient to keep the chart running continually 
at high speed. Any method of connection to one feeder or bus 
with automatic throw-over to the other when the first is taken 
out of service is inherently wrong since the throw-over switch 
causes an indication of a dip at every operation. Also, a heavy 
dip is likely to cause the throwover relay to operate and makes an 
analysis of the dip impossible. 

D. J. Angus: (communicated after adjournment) The 
desirability of speeding up the chart of graphic meters when 
important records are to be obtained was recognized about 
fifteen years ago, when the company with which the writer is 
connected was called upon to furnish graphic recording pressure 
gages for use in air-brake testing. These gages were provided 
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with a pressure-controlled mechanism which speeded the chart 
up from three in. per hour to three in. per minute when any 
abnormal operation took place, and returned the speed to three 
in. per hour after this condition had passed. 


Later, when public utilities felt the need for an instrument of 
this kind, it was found necessary to continue the rapid speed of 
the chart after the trouble ceased, until the chart came to the 
same time marking, 24 hours later on the chart, before resuming 
the slow chart speed, in order that a number of records could be 
secured in succession, without any attention on the part of the 
operator. Mr. Hamdi mentioned the cam-operated holding-in 
device, which requires approximately 0.28 seconds before it 
becomes operative. My experience has been that the holding-in 
device must operate the instant the high-speed drive comes into 
play, because if it does not, the cireuit to which the tripping 
mechanism is connected may be disconnected by the automatic 
oil switches or other protective devices, and no high-speed records 
secured of the trouble and the recovery after the disturbance. 
Often this recovery will take several minutes, and a complete 
record of it is of utmost importance. 


Instruments which the writer has designed for power-plant 
service are equipped with a double cam arrangement such that 
the first momentary impulse locks it in the high-speed position, 
where it remains until at least 24 hr. of chart (24 sec.) has been 
passed. 


In the next to the last paragraph of Mr. Hamdi’s paper, he 
mentions that an instrument designed to operate on current 
instead of voltage would give a record of surging between gen- 
erating stations due to a condition of instability which might 
last for several minutes. We have actual records from large 
generating stations connected by tie lines operating out of syn- 
chronism for over four minutes, and numerous records where 
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the system did not steady down to normal operation until after a 
minute had elapsed. 

In addition to recording voltage and current in times of trouble, 
instruments equipped with the high-speed chart mechanism have 
for a number of years been used to record the power factor or 
phase position of the current in reference to the voltage in the 
generator leads and tie lines, the power transfer in kilowatts, 
kv-a. pressures surges in pipe line feeding hydraulic turbines, 
speed changes in prime movers, and pressure or other mechanical 
records of the functioning of governing equipment. 


High-speed graphic recording instruments are long past the 
experimental stage, and hundreds of them are in use securing 
a wide variety of data on the operation of the various pieces of 
equipment that make up a modern power generating and dis- 
tributing system. 

A. F. Hamdi: Referring to Mr. MceCormack’s remarks, I 
should like to point out that we had predicted the difficulties he 
mentioned and that they have been eliminated in the device 
discussed in this paper by the use of a magnetically damped 
“dead-beat’’ voltmeter and a motor running at synchronous 
speed. 


Referring to Mr. Angus’ remarks, I should like to point out that 
with the device described, we obtain high-speed records of any 
and all disturbances. The fact that disturbances lasting less 
than 0.28 see. do not result in a complete 24-hour run at high 
speed is of no particular importance, because usually such dis- 
turbances are of no serious consequence and they clear them- 
selves as discussed in connection with Fig. 6 of the paper. 

Particularly in view of the facts brought out by Mr. 
McCormack, I have to take exception to Mr. Angus’ statement 
and hold the view that although hundreds of such devices are in 
use, they are still more or less in the experimental stage. 


Selection of Motor Equipment by Principle of 


Similar Speed-Time Curves 
BY BERNDT A. WIDELL, JR. 
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Synopsis.—Data for making preliminary estimates of speed of 
cars required and capacity of motor to do a given service have been 
rather limited. The object of this paper is to show a method whereby 
at 1s possible to provide curves which are simple to calculate and easy 
to apply. 

No mathematical formula has ever been derived to express the 
speed—time or current—time curves for a railway motor. Similar- 
ity between speed—time curves has been resorted to and this paper 
shows how this method can be used to give very accurate results by 
proper consideration of the various factors which influence the 
shape of the speed-time curve. 


is that of selecting the proper motor equipment to 
perform a given railway service. By “service” 
we mean that cars must make a given number of stops 
and slowdowns over a route in a given time. In many 
instances the profile of the route is hilly, and voltage 
varies on different sections of the route, thus making it 
necessary to consider small sections of road at a time 
in our calculations to arrive at a suitable motor equip- 
ment. Unless one has had considerable experience 
in the application of motors to different services, it may 
require weeks of calculation to determine on the motor 
equipment of required speed to do the service with the 
least energy consumption and a conservative motor 
capacity. Asa first approximation itis usually assumed 
that the route is absolutely level. An average line 
voltage is also assumed, thereby reducing the work to a 
few simple speed-time curves. In the majority of 
cases, such asolution is accurate enough, but if it is not, 
sufficient information has been obtained to shorten the 
work of making detailed calculations over the entire 
profile as it actually exists and for the varying line 
voltages. Even with this simplification, considerable 
calculation may be necessary before the proper speed 
equipment is determined, or it is found that an un- 
economical or impossible schedule has been requested. 
Several electric railway engineers (among them, 
E. H. Anderson, A. H. Armstrong, and F. W. Carter) 
have plotted curves from which a rough approxima- 
tion of the speed of equipment necessary to do a certain 
service can be made. These curves have been prepared 
for a very limited group of conditions for which they 
give accurate data. They can also be used, however, 
as a rough approximation for other conditions, but 
realizing that much more accurate curves could be 
plotted to cover greater ground, an investigation was 
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Previous methods for estimating motor capacities are based on the 
horsepower of motor required, but with the advent of the self-ventilated 
and blown motors it is necessary to calculate the r. m. s. current fora 
given cycle and select a motor having this continuous rating. A 
method for doing this is proposed, based on similar current—time 
curves. 

The limiting values of average running speeds for given rates of 
acceleration and braking, and the data for obiaining motor capacity 
necessary at these limits are indicated on each curve. This helps 
one to visualize why it is not practicable to perform certain schedules 
on a fixed rate of acceleration and braking basis. 


made which showed that the ear friction and slope of the 
motor speed-tractive effort curve were the factors which 
most influenced the shape of the speed-time curve, 
and hence the schedule speed, for a given rate of braking 
and acceleration. Referring to Fig. 1, curves B and C 
are speed-time curves for a certain weight of car, 
making the same scheduled speed for the same length of 
run. The speed on leaving control and free rurhing 
speed are shown in the table. It should be noted that 
for the same value of car friction there is a 5.5 per cent 
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Fig. 1—Sprep—Time Curves ILLUSTRATING THE DitF- 
FERENCES IN SHAPE DUE TO THE SLOPE OF SPEED TRACTIVE 
Errort CurvE AND THE Car FRICTION 


A—Average motor characteristic, friction 40 lb. per ton 
B—Flat motor characteristic, friction 20 lb. per ton 
C—Steep motor characteristic, friction 20 lb. per ton 


Speed on leaving control (mi. per hr.) A—12.9, B—11.8, C—1i11.2 
Free running speed (mi. per hr.) A—20.1, B—22.3, C—23.9 


Conditions: Length of run 830 ft., rate of acceleration and braking 1.5 
mi. per hr. per sec. Average running speed 12.96 mi. per hr. Constant 
car friction 


difference between speeds on leaving control, and 7 
per cent difference between free running speeds, due to 
different motor characteristics alone. Comparing 
curve C with A, the difference between speeds on leaving 
control and free running speeds is 15 per cent and 19 
per cent respectively. Obviously, if we are to make up 
curves that are to possess any degree of accuracy, the 
car friction and slope of speed—tractive effort curve 
must be considered. 

First let us consider the effect of the slope of motor 
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characteristic on the schedule speed. In order to dis- 
tinguish between two different motor characteristics, 
the one whose speed tractive effort curve has the 
greatest slope is termed steep, whereas that with the 
less slope is flat. Fig. 2 illustrates the difference in 
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A—Steep motor characteristic 
B—Flat motor characteristic 


the two motors’ characteristics. Referring to Fig. 3 
and assuming the number of stops per mile being 
made as one, we can read the free running speed corre- 
sponding to the average running speed directly. With 
an equipment geared to 75 mi. per hr., the following 
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Fig. 3—Curvis Inuusrratine tHE Dirrerent Fren Run- 
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Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
Constant car friction 20 Ib. per ton, No coasting, no leeway 


A—Steep motor characteristic 
B—Average motor characteristic 
C—Flat motor characteristic 


average running speeds can be made with a motor 
having the steepest and flattest characteristic respec- 
tively 34.6 mi. per hr. and 35.3 mi. per hr., a difference 
of 2 per cent. With a 35-mi. per hr. equipment, the 
difference in average running speed is 1 per cent, and 
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with an equipment of 30 mi. per hr., an average running 
speed of 24 mi. per hr. is obtained with either slope of 
characteristic. Over the usable part of this curve, 
the maximum variation in average running speed due 
to the slope of motor characteristic is 2 per cent. If 
we base the curves on an average motor characteristic 
as indicated, the maximum variation in average running 
speed from either steep or flat characteristic is about 
1.4 per cent. 

Next let us consider the effect of car friction on the 
average running speed. Referring to Fig. 4, a series of 
curves has been plotted using an average motor charac- 
teristic as determined in the above paragraphs. With 
a 75-mi. per hr. equipment, the average running speeds 
that can be made with car friction of 10, 20, 30, and 40 lb, 
per ton are respectively 33.6, 35.0, 35.5, and 36.0 mi. per 
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Fic. 4—Curves [LLusTRATING THE DIFFERENT FREE RUN- 
NING SPEEDS REQUIRED wiTH A Motor Havine AN AVERAGE 
Store Sprep—TrRactive Errort CurvE FOR VARIOUS CAR 
FRICTION VALUES 


Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
No coasting, no leeway, car friction constant at values given 


A—10 lb. per ton car friction, B—20, C—30, D—40 
Use: Abscissas are the values of average running speed times 
¥ stops per mile, and corresponding values of ordinate on friction curve 


divided by the y stops per mile gives the free running speeds necessary 
to make the average running speed 


hr. The per cent differences in average running speeds 
are respectively 4.2, 1.5, and 1.3. Practically all other 
curves of a similar nature have been based on 20 lb. 
per ton friction; hence, the error where the actual 
friction is 10 lb. per ton is 4.2 per cent, for 30 lb. per 
ton friction 1.5 per cent, and for 40 lb. per ton friction 
2.8 per cent. We can eliminate this error by using the 
average motor characteristic and plotting curves for 
the various friction values encountered, in which case 
the maximum error in average running speed calcu- 
lated from these curves should not exceed 1.4 per cent. 

The method by which curves of Fig. 3 and Fig. 4 
were calculated is a development of the similar speed— 
time curve idea. For instance, if speed—time curves 
are calculated, using the average characteristic and a 
given rate of acceleration and braking for different 
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lengths of run, a series of different shaped speed—time 
curves is obtained. The shortest run will be repre- 
sented by a triangle, a slightly longer run will show the 
car accelerating according to the slope of motor charac- 
teristic and value of car friction and the longest run 
will be practically at free running speed. If a means 
is obtained for expressing each of these speed—time 
curves in terms of similar speed—time curves to give 
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greater or less distance traversed, it will be possible 
to represent every existing running condition. How 
this is accomplished can be best explained by referring 
to Fig. 5. 
Let D, = distance traveled in f; aeeonae. 
D, = distance traveled in t, seconds. 
On an assumption that the two curves are similar, 
the following relations are true. 
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And by transposition, using an abreviation of stop 
per mile S/M, 
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or since D; = 


stops per mile, 
stops per mile; 


we can write 


S/M, 8 = S/Ms8¢ 
or / S/M; 8S: = V S/M; 8S; (1) 

and similarly J/ S/Mi.Vi = / S/M2 V2 (2) 
J/S/M, t, =/S/M.t (3) 

VS8/Mi S:= /S/M2 Si (A) 


Referring back to the different shaped speed—time 
curves, we can calculate +/ S/My Si and S/M, Vi 
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for each speed—-time curve and plot a curve of (average 
running speed) < +/ stops per mile against (speed on 
leavingcontrol) « 4/stops per mile. Equations (1) and 
(2). iS, of Fig. 6 shows such a curve based on the 
average characteristic. The value of S, is the product 
of (speed on leaving control) X +/stops per mile. 
There is also shown a S, curve, the value of S, being 


(speed at which braking starts) x +/ stops per mile. 
Equation (4). 
Thus, knowing the schedule speed required and the 
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Fic. 6—Curvis For ESTIMATING SPEED AT END or ACCELERA- 
TION, SPEED AT INSTANT OF BRAKING AND FREE} RUNNING 
SPEED 
S;—Speed at end of acceleration times stops per mile 
S,/Sy—Ratio of speed at end of acceleration to free running speed 
S:—Speed at which braking commences times 7 stops per mile 
Sf —Free running speed times y stops per mile 

A—10 Ib. per ton car friction 
B—20 Ib. per ton car friction 


C—30 lb. per ton car friction 
D—4O0 lb. per ton car friction 


Conditions: Rates of acceleration and braking 1.5 mi. per hr. per sec. 
No coasting, no leeway, car friction constant at values given 


Use: For a given value of abscissas; the free running speed is equal to 
value of ordinate S; divided by the value of ordinate S,/S; for proper car 


friction value and by y stops per mile, or to the value of ordinate S; 
divided by the y stops per mile; the speed at instant of braking is the value 
of ordinate S2 divided by the + stops per mile 


average length of run, the speed on leaving control can 
be calculated from Fig. 6 and a motor selected with a 
gear ratio such that it will have this speed at the tractive 
effort necessary to accelerate the car at the desired rate 
and at the average line voltage. However, this curve 
(Fig. 6) is not applicable to the tapped field motor 
because the speed on leaving control resistance points 
is quite different for a tapped and full field motor when 
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both motors are geared to make the same free running 
speed. In view of the fact that a tapped field motor 
will make practically the same schedule speed as a full 
field motor, each having the same free running speed, 
and also to the fact that the free running speed of a full 
field motor can be expressed accurately in terms of the 
speed on leaving control, a more practicable set of 
curves has been calculated showing the relation between 
(average running speed) +/ stops per mile and (free 
running speed) ./ stops per mile. From these curves 
the free running speed necessary to make a given 
schedule speed can be estimated using either a full or 
tapped field equipment. 

The method of expressing the free running speed in 
terms of the speed on leaving control was suggested by 
Mr. E. E. Kimball’s paper presented before the 
A. I. E. E. in 1908. Mr. Kimball noted that the trac- 
tive effort had a logarithmic relationship to speed and 
therefore knowing the speed at one value of tractive 
effort the speed could be calculated for any other value 
of tractive effort by the following equation. 
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A—F lat motor characteristic 


B—Average motor characteristic 
C—Steep motor characteristic 


ee se 
Sy P 
Sys = Free running speed mi. per hr. 
S; = Speed on leaving control mi. per hr. 
A = Exponent expressing relationship between tractive effort 


and speed of motor characteristic 
p = Car friction at free running speed (lb. per ton) 


Formula 


Where 


P = Tractive effort required to accelerate car at a given rate 
(ib. per ton) 
aoe G 
S = So«/— (5) 
Where S = speed at tractive effort P 


So = speed at tractive effort Py 


The cube root factor in Equation (5) represents the 
slope of the speed—tractive effort curve and as stated 
by Mr. Kimball was selected because of the ease of making 
certain calculations. The variation in this slope factor 
was determined by plotting speed against tractive 
effort on logarithmic paper for several motors varying 
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in capacity. In the majority of cases the resultant 
curves were perfectly straight throughout the range of 
voltage and current that the motors would be normally 
used. Therefore, the logarithmic relationship between 
speed and tractive effort can be expressed by the follow- 
ing equation. 


THK S* = K (6) 
where T' EF = tractive effort (lb.) 
S = speed mi. per hr. 
a = exponent determined from plot (slope 
factor) 
K_ = constant determined from plot 
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Fig. 8—Curves ror Estimating Free Runnina SPEEDS 


Conditions: Rate of acceleration and braking 1.0 mi. per hr. per sec. 
No coasting, no leeway, car friction constant for values given 


Use: Abscissas are the values of average running speed times 
vy stops per mile and corresponding values of ordinate on friction curve 


divided by the y stops per mile gives the free zeaane speed necessary 
to make the average running speed 


A—10 lb. per ton friction, B—20, C—30, D—40 


The values of (a) varied between 2.8 and 3.5 repre- 
senting, respectively, the steepest and flattest motor 
characteristics. A motor charcteristic having a slope 
factor of 3.2 represents the average slope of all motors 
considered and is that used as a basis of these curves. 

Equation (5) shows that the ratio of speed on leaving 
control to free running speed depends on the slope of 
speed tractive effort curve, the car friction, and the rate 
of acceleration. Fig. 7 shows the variation of this ratio 
according to Equation (5). It is evident that with a 
given set of conditions the free running speed is a simple 
ratio of the speed on leaving control. 

A set of curves based on different rates of acceleration 
and braking encountered in normal train operation, of 
(average running speed) ./ stops per mile against (free 
running speed) ./ stops per mile gives a ready means 
for determining the rates of acceleration and braking 
required and the free running speed necessary with 
those rates to make a given average running speed. 
Figs. 4, 8, and 9 show the character of such curves 
covering normal street.car conditions. 

As an illustrative example, suppose it is required to 
make a 37.5 mi. per hr. average running speed over 
average runs one mile long. By inspection of curves 
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such speed cannot be made with 1 or 1.5 mi. per hr. 
per sec. accelerating and braking rates but with a 2.0 
mi. per hr. ‘per sec. rate of acceleration and braking a 
free running speed of 64 mi. per hr. per sec. is necessary 
assuming car friction at 20 lb. per ton. With this 
speed equipment it would be impossible to maintain an 
average running speed of 37.5 mi. per hr. over the usual 


‘roads due to traffic conditions and the fact that some 
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Fig. 9—Curves ror Estrmatine Free RUNNING SPEEDS 


Conditions: Rate of acceleration and braking 2.0 mi. per hr. per sec. 
No coasting, no leeway, car friction constant for values given 


A—10 Ib. per ton car friction, B—20, C—30, D—40 
Use: Abscissas are the values of average running speed times 
¥ stops per mile and corresponding values of ordinate on friction curve 
divided by the  ¥ stops per mile gives the free running speed necessary 
to make the average running speed 


coasting must occur. We shall, therefore, assume that 
an equipment to give a 5 per cent faster average running 
speed will take care of these delays. Our equipment 
must then be able to make 39.4 mi. per hr. average 
running speed when pushed to the limit and have a free 
running speed of 73 mi. per hr., according to Fig. 9, 
assuming car friction has increased to 25 lb. per ton. 

The curves as plotted were calculated on the assump- 
tion of a constant value of car friction from start to 
stop and are therefore only strictly accurate in the case 
where a car ascends a grade with no car friction. It is 
possible to plot the curves of free running speeds, 
r. m. s. current, and energy consumption using variable 
friction, but to do this involves the necessity of selecting 
an average friction curve. An examination of the many 
curves on car friction reveals not only a wide variation 
in friction values for the same car construction and 
weight, but also the ratio of car friction at end of ac- 
celerating period to that at the free running speed varies 
approximately as follows. 

Single motor cars 0.55 to 0.40 
Multiple unit cars 0.75 to 0.65 


It is questionable, therefore, whether a single set of 
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curves based on some average conditions of variable car 
friction would enable more accurate estimates to be 
made than using flat friction values. 

The curves as calculated for constant friction values 
give results on the side of safety regarding free running 
speed, r. m.s. current, and energy consumption, if the 
actual car friction at free running speed is used. If 
values of r. m. s. current per ton and energy consump- 
tion are estimated on basis of car friction for speed at 
instant of braking, which is found from Fig. 4 curve 
S», a very close estimate of these values can be had. 

By a similar manner in which the free running speeds 
have been obtained, the r. m.s. current can be esti- 
mated. Referring to Fig. 10, a series of curves gives 
the values of A corresponding to the (average run- 
ning speed) times +/ stops per mile. This factor is 
the actual value of (r. m.s. current per ton) times 


VALUE OF A 


> Z ; 16 18 22 24 26 28 30 32 34 36 38 
AVERAGE RUNNING SPEED 


Fic. 10—Curves ror Estimatine Root-MEAn-SQuare Cur- 
RENTS FOR SpreciIFIED NUMBER oF Stops PER MILE AND 
ScHEDULE SPEED 


Full field motor 
—-------- Motor operating with 100 per cent & 60 per cent field 
Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
No coasting, no leeway 
Use: Obtain value of ordinate A on curve of car friction corresponding 
to average running speed y stops per mile and apply in following formula 


R.m.s.current = 4/ [ —WaluefA _ x7 x 9% Lf __4 | 
¥ stops per mile Vv hits 


Where J = tons per motor 
V = average line voltage 
t; = times» make run excluding duration of stop (sec.) 
1, = duration of stop (sec.) 
A—40 Ib. per ton friction 
B—230 lb. per ton friction 
C—20 Ib. per ton friction 
D—10 lb. per ton friction 


+/ stops permile. The valuer. m. s. current per motor 
as determined from curves must be either increased or 
decreased according to the average line voltage in 
question according to its variation from 600 volts on 
which the curves are based. The actual continuous 
rating of motor required is decreased from that esti- 
mated from curves when considering the duration of 
stop by the following relation. 
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(7) 


VALUE OF A 


pes 
2 4 16 18 20 22 24 26 26 30 32 34 36 38 
© AVERAGE RUNNING SPEED STOPS PER MILE 


Fig. 11—Comparison oF Root-MEAN-SQUARE CURRENT FOR 
SPECIFIED NUMBER OF Stops PER MILE AND SCHEDULE SPEED 
Wits Morors or Dirrerent SpreED—TRAcTIVE EFFORT 
CHARACTERISTICS 

1 


A—tTractive effort varies as (mi. per hr.) 3.52 


1 
B—tTractive effort varies as (mi. per hr.) 2.88 


Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
No coasting, no leeway, car friction constant at 20 lb. per ton 


VALUE OF A 


— 12 14 |I6 18 20 22 24 26 28 30 32 34 36 38 
AVERAGE RUNNING SPEED\STOPS PER MILE 
Fig. 12—Comparison oF Root-MEAN-SQUARE CURRENT FOR 
Sreciripp NuMBER or Stors pER Mite anp SCHEDULE SPEED 
Wirn Morors or Dirrerent Sperp—Tractive EFrrort 


CHARACTERISTICS 
hes 
A—Tractive effort varies as (mi. per hr.) 3.33 
sy et 
B—Tractive effort varies as (mi. per hr.) 2.78 


Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
No, coasting, no leeway, car friction constant at 20 lbs. per ton 


Where J, = r. m. s. current including time of stop 
I, =r.m.s. current excluding time of stop 
(value obtained from curves) 
t; = time to make run excluding stop (sec.) 
t, = duration of stop (sec.) 
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An interesting comparison of the current required 
for a steep and flat motor characteristic can be made 
as shown on Figs. 11 and 12. This first curve is based 
on two motors having considerable differences in effi- 
ciency and shows that the steep characteristic motor 


b Ri ooneee 
1108 | + 
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oo . 42 st 


ENERGY CONSUMPT:2N (WATT HOURS PER TON MILE) 
rs 
S 


2 + 8 & 0 ‘i216 16,.20 (22 (2426 26°90 O25 34 genGd 
AVERAGE RUNNING SPEED \$810P5 PER MILE 


Fig. 13—Curves ror Estimating ENerGy CoNsuMPTION © 

Conditions: Rate of acceleration and braking 1.5 mi. per hr. per sec. 
No coasting, no leeway, car friction constant for values given 

Use: Read energy consumption direct from proper friction curve corre- 
sponding to the average running speed y stops per mile 
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FREE RUNNING SPEED .STOPS PER MILE 
8 8 $s 
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10 20 30 40 50 60 
‘AVERAGE RUNNING SPEED \STOPS PER MILE 


Fig. 14—Courves ror EstimMaTING THE INCREASE IN AVERAGE 
Runnine SepreD Wirn a GivEN FREE RUNNING SPEED FOR 
Dirrerent Rates or ACCELERATION AND BRAKING 


Conditions: No coasting, no leeway, car friction constant at 20 Ib. per 
ton 


demands less continuous capacity to perform a given 
schedule up to 30.9 than the motor with flat charac- 
teristic, but for greater values than 30.9 the condition 
reverses. Fig. 12 shows two motors having practically 
the same efficiency and favors the steep motor 
characteristic. 
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The curves of energy consumption on Fig. 13 are 
useful in determining the maximum energy consumption 
for a given. schedule but as in case of the curves on 
r.m.s. currents they will not give accurate estimates 
unless a prediction can be made of the efficiency of the 
motor that will perform the service required. 

The importance of making the best possible approxi- 
mation of car friction is apparent on inspection of 
Figs. 10 and 13 for curves of r. m. s. currents and energy 
consumption, respectively. For example, assuming 
runs of one mile average length and an average running 
speed of 30 mi. per hr. the r. m.s. current per ton ac- 
cording to Fig. 10 is 7.4 for car friction of 20 lb. per 
ton and 6.3 for friction of 10 lb. per ton; a difference of 
17.5 per cent. The energy consumption under same 
conditions is 105 watthour per ton mile for 20 lb. per 
ton car friction and 88 watthour per ton mile for 10 
Ib. per ton ear friction; a difference of 19.2 per cent. 
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The greatest differences in average running speeds 
are those due to changes in the rates of acceleration 
and braking for cars having the same free running 
speeds. Fig. 14 shows these differences for rates 
between 1 and 3 mi. per hour per sec. It would appear 
from these curves that the highest rates would be the 
most advantageous, but we are limited to following 
considerations: first, comfort to passengers; second, in 
city service where high rates are desirable motors must 
be of light weight with small wheel diameters. This 
precludes use of large gear reduction or slow-speed 
motors with the present type of motor arrangement. 
Recent developments in the way of double reduction 
gearing and worm drive motors giving twice the normal 
reduction, permit the use of the higher rates of accelera- 
tion which Fig. 14 shows is desirable as it follows that 
with a lower free running speed, the motor capacity 
necessary is also less to perform a given service. 


Shunting of Track Circuit in a Polyphase System 


of Continuous Inductive Train Control 
BY C. F. ESTWICK: 


é Member, A. I. E. E. 


Synopsis.—Investigations into shunting of train control track 
circuits have been made in the field under operating conditions by 
observing the operation of the primary relay on a locomotive as a 
train runs into a track circuit in which there is a train ahead or an 
open switch and similar data have been obtained on the performance 
of the relay on trains in regular service. 


Tt is iniended in this paper to present a method for predetermining 


N a system of continuous inductive train control 
i] the apparatus on the trains on a steam operated 
railroad is located on the locomotive or tender and 
consists of a receiving system, visual cab signals, a train 
controlling mechanism that operates in connection with 
the automatic air brake equipment on the train, and 
auxiliary apparatus which include an acknowledging 
contactor and audible signals. The train controlling 
mechanism limits the speed of the train at all times to 
certain predetermined speeds which depend upon 
traffic conditions and the distance a train has traveled 
in a block. A failure on the part of the engineman to 
control the speed of the train properly results in an 
automatic application of the brakes as soon as the 
maximum allowable speed has been exceeded. After 
an automatic application has been made the brakes 
cannot be released until the speed of the train has 
been reduced below the maximum speed. When a 
train is traveling on clear track a clear signal indication 
is given in the cab and the speed of the train is limited 
to a safe speed which in the case of a passenger train 
may be 70 mi. per hr.; when the train enters a caution 
block the cab signal changes giving a caution or medium 
speed indication and the automatic controlling mecha- 
nism operates to enforce a gradual reduction in 
speed until the speed has been reduced to below 20 mi. 
per hr. at the exit end of the block. As a train passes 
from a caution into an occupied block the signal changes 
to a danger or slow-speed indication and the limitation 
of 20 mi. per hr. is maintained as long as the block is 
occupied by a train ahead. 

The cab signals and speed controling mechanism are 
under the control of a three position a-c. primary relay. 
When the train is traveling under clear conditions the 
relay is in its normally energized position; when the 
train passes into a caution block the relay operates to 
the reverse position and when it is in an occupied block 
or a block in which there is an open switch the relay 
assumes its deenergized position and releases the normal 
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Engineer, 


the shunting characteristics of train control track circuits. The 
system discussed is a polyphase system of continuous inductive 
train control with cab signals employed on double tracked steam 
roads. Curves are given which describe shunting conditions in 
train control track circuits and data are also given for comparison 
describing the shunting of the track relay on the same sections of 
track. 


or reverse contacts. The primary relay is under the 
control of an influence obtained inductively, by means 
of receivers on the locomotive, from alternating current 
flowing in the rails of the track. 

The apparatus along the track includes the usual a-c. 
track circuit, modified slightly for. train control pur- 
poses, and upon this is superimposed a so-called “line 
circuit.” The actual current flowing in the rails 
consists of two components of current, one due to a 
voltage impressed on the circuit from the track circuit 
transformer and the other is due to voltage from a 
transformer in the line circuit. These two components 
of currents will be considered separately and will be 
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referred to hereafter simply as ‘‘track circuit current” 
and “line circuit current.’””’ The wayside circuits are 
shown schematically in the diagram in Fig. 1 and may be 
traced as follows:—Track circuit current flows from 
the track circuit transformer which is located at the 
exit end of the block through a limiting impedance and 
a pole changer to one of the rails of the track, along the 
rail to the opposite end of the block through a variable 
resistance unit and windings of the track relay to the 
other rail, back along the rail and through the pole 
changer to the transformer. The relay is normally 
energized by current flowing in the track and local 
windings as shown in the diagram; the track windings 
receive current from the rails and the local windings 
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are energized by current from the local phase trans- 
former. The track relay is the usual a-c. rotor type 
relay employed in railroad signaling which operates in 
three positions and requires the use of the pole changer 
in the track circuit to give normal and reverse opera- 
tion. The normal and reverse control also permits of 
three position operation of the primary relay which is 
a similar two element relay of the rotor type. When 
a block is occupied by a train the current in the rails 
flows from one rail to the other through the wheels and 
axles of the train and on account of the very low 
impedance of the path through the wheels and axles 
most of the current is shunted from the track relay 
which causes it to become deenergized sufficiently 
to release its front contacts. Circuits through the relay 
contacts control the operation of wayside signals 
in the usual manner. Line circuit current flows from 
the line circuit transformer to the middle point of a 
comparatively high resistance bridged across the rails 
at the relay end of the block, through the two halves 
of the resistance and along the rails of the track in 
multiple, through a similar resistance at the other end 
of the block to the middle point of the resistance -unit 
and through a line wire back to the transformer. 
From the description of the circuits it is evident that 
track circuit current flows away from the transformer 
on one rail of the track and back on the other rail, 
that is, the current flows in opposite directions in the 
two rails whereas the line circuit current is evenly 
divided between the rails and flows in the same direction 
in each rail. The track circuits are adjusted for nor- 
mal operation under clear or caution conditions so 
that there will be 0.8 ampere in the rails at the relay end 
of the circuit as a train enters the block and the line 
circuit is adjusted to give total line circuit current 0.8 
ampere or 0.4 ampere in each rail. 

There are two receivers located on the locomotive 
just ahead of the front wheels called track circuit 
receivers and a similar pair of receivers farther back on 
the locomotive or on the tender known as line circuit 
receivers. The receivers are supported a few inches 
above the rails of the track and coils in each pair of 
receivers are connected in series. 
such that, on account of the direction of the flow of 
current in the rails, the track circuit receivers are 
energized inductively by track circuit current and are 
not influenced by line circuit current and the line 
circuit receivers are energized by line circuit current 
and are not affected by current in the track circuit. 
There is a two-circuit vacuum tube amplifier with four 
tubes employed in the locomotive equipment to amplify 
the small voltages induced in the receiver coils. The 
input circuits of the amplifier are connected separately 
to the front and rear receivers and the output circuits 
are connected to corresponding windings of the primary 
relay. The amplifying apparatus is carefully ad- 
justed so that when the track circuit and line circuit 
currents in the rails are in time phase, the currents 
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in the relay windings will also be in phase in which case 
no torque will be developed on the rotor shaft of the 
relay. If the phase of the current in either the track 
circuit or the line circuit is varied the corresponding 
current in the relay follows the phase of the rail cur- 
rent. The phase displacement between the currents 
in the relay windings under any condition of operation 
is therefore the same as the phase displacement 
between the currents in the rails. The size of the 
current in the relay windings relative to the corre- 
sponding rail currents is shown in Fig. 2. 

Conditions of the Track. The rails of the track are 
A.S. C. E. section, 100 Ib. per yd., bonded with 2 No. 6 
copper-clad bond wires 54 in. long having a loop im- 
pedance 0.25 ohm per 1000 ft., power factor 0.5, andthe 
ballast is mostly stone ballast having a resistance 
varying between 5 ohms and 20 ohms per 1000 ft. of 


Relay Current (Amperes) 


(9) se A 6 
Rail Current (Amperes) 


10 


BETWEEN CURRENT IN THE RELAY AND 
CURRENT IN THE RalILs 


Fig. 2—RELATION 


track. The leakage resistance of two rails in multiple 
to ground is taken as 2 ohms per 1000 ft. in wet weather 
and 12 ohms per 1000 ft. in dry weather. The length 
of the track circuit is 6000 ft. 

Characteristics of the Track Relay. Local Phase: 
Impedance 440 ohms, power factor 0.656; current at 
110 volts, 0.25 ampere; phase of current relative to 
voltage x 49 deg. 

Note: The inverted angle sign <X indicates a lag- 
ging current or voltage whereas the usual angle sign 
Z indicates a leading current or voltage relative to the 
voltage at the secondary of the transformer. This 
notation will be employed hereafter in tabulating cur- 
rents or voltages to describe phase relations. 

Track Phase: Impedance 0.64 ohm, power factor 
0.656; operating currents with 90 deg. phase displace- 
ment. Current to pick up relay to make front stop, 
0.22 ampere. Current to pick up relay to close front 
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contacts, 0.19 ampere. Current to allow relay to 
release its contacts, 0.11 ampere. 

Adjustment of the Track Circuit. Onasteam operated 
road without train control, the track circuit would be 
adjusted under wet weather conditions with a limiting 
impedance of 4 ohms but with this adjustment when a 
train is entering the block there would not be the 
required current 0.8 ampere in the rails for the opera- 
tion of the train control equipment. To increase the 
current in the rails the amount of limiting impedance 
might be reduced but it would be better for the pur- 
pose of improving the shunting, to retain the 4 ohms 
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Fig. 3—Maximum Suuntine Resistances AFFECTING THE 
Track Renay as a Train Passes THrouGH THE BLocK 


limiting impedance and increase the voltage on the 
track trasformer to give 0.88 ampere, (i.e. 0.8 
ampere + 10 per cent to allow for drop in transmission 
line voltage) and insert a variable resistance in series 
with the track relay as shown in Fig. 1 to limit the 
current in the relay sufficiently to give satisfactory 
normal operation. 

Without considering train control, minimum opera- 
tion of the track relay would be obtained with 3.1 
volts at the transformer giving acurrent 0.26 < 117 deg. 
33 min. ampere in the relay but to get sufficient current 
in the rails for train control operation the voltage 
will have to be increased to 7 volts which gives 0.875 X 
106 deg. 41 min. ampere in the rails as a train enters the 
block. The variable resistance in series with the 
relay is then adjusted when the block is unoccupied to 
1.75 ohms giving 0.816 X 101 deg. 24 min. ampere 
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in the relay (equivalent current at 90 deg. phase dis- 
placement 0.25 ampere). With this adjustment in 
dry weather when the ballast resistance is 20 ohms per 
1000 ft. the current in the relay will increase to 0.706 
X 75 deg. 7 min. ampere (equivalent current at 90 deg. 
phase displacement 0.311 ampere) and the current in 
the rails at the relay end of the circuit as a train enters 
the block will be 1.185 \ 85 deg. 34 min. amperes. 

Shunting of the Track Relay. Ordinarily with a 
properly adjusted track circuit when a train enters a 
block the track relay becomes shunted but in the case 
of a poorly adjusted circuit under adverse rail conditions 
it might happen that the relay would not shunt or if the 
relay shunts properly as a train enters a high shunting 
resistance might allow the relay to pick up and the train 
loses its shunt. To determine the shunting charac- 
teristics of the track circuit, calculations have been 
made which show the maximum shunting resistance 
which will cause the relay to release its contacts and 
also the resistance which will just allow the relay to 
pick up again as the train passes through the block. 
The curves 1 and 3 in Fig. 3 show the maximum shunt- 
ing resistances for different positions along the track 
throughout the entire length of the block which will 
cause the relay to release its contacts and curves 2 and 
4 resistances which will allow the relay to pick up to 
just close its front contacts. 

In Table I numerical values are given of the data 
shown on the curves and also values of current in the 
relay when the corresponding maximum shunting re- 
sistances are connected across the rails. The formulas 
employed in calculating these maximum shunting 
resistances at intermediate positions in the block are 
given in Appendix I. 

Characteristics of the Primary Relay. Operating 
torque on rotor shaft with 90 deg. phase displacement: 

To cause sector to operate to front stop 0.45 in. — oz. 

To pick up to just make front contacts 0.38 in. — oz. 

To release front contacts 0.24 in. — oz. 

The relation between torque and currents in the relay 
is expressed by the following equation: 

T 21 Ua Kye @ 
T = Torque on rotor shaft 
I, = Current in line phase 
I, = Current in track phase 
@ = Difference in phase between J, and I, 
K = 4500 

The value of K is practically constant for all operating 
conditions. 

If the size of the line circuit current in the rails is 
known at any position on the track the operating 
current in the rails in the track circuit can be determined 
at 90 deg. phase displacement to produce any required 
torque in the primary relay. To accomplish this, 
knowing the line current in the rails, the corresponding 
current in the relay is determined from curves in Fig. 2 
and knowing the torque (as given above for pick-up 
and drop-away conditions) the current in the track 


Where 
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TABLE I 
MAXIMUM SHUNTING RESISTANCE AS AFFECTING OPERATION OF THE TRACK RELAY 
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Maximum shunting resistance (ohms) 


5 ohm ballast 


Current in relay when shunt is applied (amperes) 


Positions along the track Pick-up Drop-away Pick-up Drop-away 
UMA VEIN choe a veks & so 1.585 0.485 0.21 \ 115 deg. 11 min. 0.113 \ 126 deg. 20 min. 
1500 ft. from A... 1.68 0.468 0.21 ‘110 deg. 20 min. 0.116 \ 120 deg. 6 min. 
3000 ft. from A.......: 1.783 0.459 0.223 \ 107 deg. 39 min. 0.121 \ 114 deg. 17 min. 
4500 ft, from A........ 1.87 0.464 0.224 \ 107 deg. 23 min. 0.122 \ 113 deg. 19 min. 
BRO EES OTN erate in esate 2 1.97 0.505 0.225 \X 106 deg. 28 min. 0.123 \X 112 deg. 46 min. 
20 ohm ballast 
a Maximum shunting resistance (ohms) Current in relay when shunt is applied (amperes) 
Positions along — 

the track Pick-up Drop-away Pick-up Drop-away 
Paty ANCWAG 0574.0" 5. Bn12i sre w Sie 0.672 0.314 0.227 XN 105 deg. 51 min. 0.123 \ 112 deg. 3 min. 
1500 ft. from A........ 0.75 0.327 0.251 X 98 deg. 10 min. 0.134 \ 104 deg. 5 min. 
3000 ft. from A........ 0.81 0.34 0.263 NX 95 deg. 30 min. 0.141 \ 99 deg. 30 min, 
4500 ft. from A........ 0.855 0.356 0.275 \ 92 deg. 44 min. 0.148 X\ 97 deg. 4 min. 
CYS AEC ee Dee 0.887 0.366 0.29. \ 89 deg. 53 min. 0.156 \ 93 deg. 51 min. 


circuit windings of the relay can be determined from 
the above formula. The track circuit rail current is 
then determined from the curve. Numerical values of 
track circuit currents to give pick-up and drop-away 
of the relay with a train at different positions on the 
track will be given after a study has been made of the 
line circuit. 

Current in the Rails under the Receivers. Most of the 
current in the line circuit flows through the rails in 


3000° 3000’ 


Fic. 4—Eventy Distrisutep LEAKAGE BETWEEN Two Raits 
in MouLTIPLE AND GROUND 


multiple but there is a small amount of current that 
flows through the ground as shown in Fig. 4. The 
leakage current flows from the rails to ground in one- 
half of the circuit from A to C and flows back from the 
ground into the rails in the other half of the circuit from 
C to B. Tests have been made in the field of the 
amount of current flowing in the rails throughout the 
length of a block with a vacuum tube testing apparatus 
used in connection with a search coil on a laminated iron 
structure that was placed over the rail. The curves 
obtained show that the current in the rails follows very 
closely to the shape of the common catenary or cosh 
curve and for that reason the conductance to ground is 
assumed to be evenly distributed and line circuit 
currents have therefore been computed from well 
known hyperbolic formulas. The condition shown in 
Fig. 4 may also be represented as shown in Fig. 5 in 
which the ground is assumed to have zero resistance and 
is represented as a neutral plane. For uniformity in 
the use of formulas in making calculations the line 
circuit may be considered as if it were a two-conductor 
circuit 3000 ft. in length having evenly distributed 


leakage giving the same attenuation in Fig. 5 as in 
Fig. 4. The loop impedance is taken as 0.125 ohm per 
1000 ft., and leakage resistance of twice the values 
given above, i. e., 4 ohms per 1000 ft. in wet weather 
and 24 ohms in dry weather. The attenuation in the 
latter case is so small that it may be neglected. The 
complete line circuit shown in Fig. 1 contains mostly 
resistance and for that reason the current from the 
transformer as it enters therails at either end of the block 
is assumed to be in phase with the voltage at the trans- 
former and it is further assumed that the voltage at 
the secondaries of the transformers supplying the track 
and line circuits and the local circuit of the track 
relay are in phase. Calculations have been made of 


A ; 


Fie. 5—AnotHprR ARRANGEMENT TO DexscriBE CONDITION 
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the line circuit current in the rails at different positions 
along the track and the results are given in Table II. 
The table also shows corresponding values of current 
in the relay taken from the curves in Fig. 2. 

Having determined the line circuit currents in the 
relay and knowing the torque characteristics the 
corresponding currents in the track circuit windings 
can be determined by use of the formula given above 
assuming 90 deg. phase displacement. For a train at 
different positions on the track numerical values of the 
current have been computed to cause the relay to 
operate to its front stop, to pick up to just close its 
front contacts, and to release the contacts. These 


1ass 
TABLE II 
LINE CIRCUIT CURRENT IN THE RAILS AND 
CORRESPONDING CURRENT IN THE RELAY 
Balast 5 Ohms per 21000 ft, 
Posttiess alone Currents ie rails Current in relay 
the track 

At A emd......../ QS VN O dee ampere ; Q@.O144 ampere 
OOS M from A. QST LY 1 ae. ammere | ORES ampere 
2000 f frem A.. QS N 3 dee. ampere @.Q1438 ampere 
30ee % fem A...) QASIT YX 6 dee. $0 min ampere; Q.O142 ampere 
#000 f%. from A...) ASS X 3 dee. ampere Q@.O143 ampere 
Sae0 tf from 4... QST X 1 Gee. ampere Q@.Q1435 ampere 
At B ewd.__._. @ss X OQ dee. ampere / = QQR44 ampere 


Ballast 22 als per 1000 RK. 
Tm this case the current im the raits at amy position on the track KB QS 
© Ges. ampere and the curremt im the relay 8s 0.01244 ampere. 


oe Se 


ESTWICK: SHUNTING OF TRAIN CONTROL TRACK CIRCUITS Transactions A. I. EL E. 


and release its contacts. The operation of the relay 
would immediately start the train controlling mecha- 
nism in operation to control the speed of the train 
automatically. In practise a shunt across the rails may 
be through a circuit controller at an open switch or it 
may be due to a train ahead in the same block. 

Two conditions of shunting have been considered; 
first, with a forward train the middle of the block and 
the following train entering and approaching the train 
ahead; second, with a forward train at the exit end of 
the block and the rear train entering and proceeding 
into the block. The most difficult condition of shunt- 


TABLE Il 
PICK UP AND DROP AWAY CHARACTERISTICS OF PRIMARY RELAY IN TERMS OF TRACK CIRCUIT CURRENT IN THE RELAY 
AND CORRESPONDING CURRENT IN THE RAILS AT 9% DEG. PHASE DISPLACEMENT 


Pick-op to just make front stop : 


Cerrent in relay | 


Cerrent im rails 

Postings slome the track amperes) (amperes) 
ae eee @.Q0635 es 
BOO ft. from A. ____. 8. Q08sT 8.3: 
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3808 ft. frem A 8.00785 8.2338 } 
2800 fh from 3 @_0eT @.335 
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values are given in Table III together with carrespond- 
ing track circuit currents in the rails which have been 
taken from the curves in Fig. 2. In making track 
circuit calculations to determine the performance of 
a track relay the pick-up and drop-away character- 
isties are usually given in terms of the current in the 
track and local windings of the relay at 90 deg. phase 
displacement. The data in Tables II and III give the 
operating characteristics of the primary relay in 
terms of lime cireuit and track circuit current in the 
rails of the track under the receivers at 90 deg. phase 
displacement, and are intended to be used in a similar 
manner in making train control track circuit caleo- 
lations. For instance, if the currents in the rails under 
the receivers are computed and also their phase relation 
for a train at any position on the track, the equivalent 
track cireuit current at 90 deg. phase displacement may 
then be determined and compared with the data in the 
tables to obtain a knowledge of the performance of 
the relay. 

In this discussion the data in the tables have been 
employed in conneciion with formulas given in Appen- 
dix I] m making calculation of the shunting charac- 
teristics of the circuit. 

Shunting of the Track as Affecting the Primary Relay. 
In a train control track circuit energy is always fed to 
the rails at the end of the block ahead of the train when 
the block is occupied. If a shunt is connected across 
the rails at any position im the block im advance of 
the shunt path and there would be practically no track 
circuit current under the receivers on the train with the 


Pick-up te just make front contacts | 


| Current im relay | Current in rails 
(amperes) : (amperes) 


Drop-away to release Contacts 


ing has been considered in which it is assumed that the 
resistance through the wheels and axles on the rear 
train is negligible. In each case calculations have been 
made to determine the maximum shunting resistance 
through the wheels and axles of the forward train which 
will cause the pick-up or the drop-away of the primary 
relay on the rear train when the ballast resistance is 
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5 ohms and alsowhen it is 20 ohms per 1000 ft. of track. 
The results of the calculations are plotted in curves in 
Figs. 6 and 7. Curves in Fig. 6 are for the case where 
the forward train is in the middle of the block and Fig. 7 
where the forward train is at the leaving end of the 
block. In both figures, curves 1 and 2 show the maxi- 
mum resistances of the shunt of the forward train which 
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will prevent the relay on the rear train from picking up 
and the resistances which will cause the relay to drop 
away respectively when the ballast is 5 ohms per 1000 
ft. and curves 3 and 4 give the maximum resistances 
when the ballast is 20 ohms per 1000 ft Numerical 
data from which these curves are plotted and also 
corresponding values of track cireuit current in the 
rails under the receivers on the rear train are given in 
Tables IV and V. 

The method of making these shunting calculations 
in train control track circuits is described in Appendix IL 

CONCLUSIONS 


In Fig. 3 the curves 3 and 4 describe the shunting of 
the track relay as a train passes through the block 
during dry weather conditions. The resistance of the 
shunt must be less than 0.366 ohm as shown on curve 2 
when the train enters the block to cause the relay to re- 
lease its contacts and as the train proceeds the resistance 
must remain less than the resistances shown on curve 4 
to prevent the relay from picking up. If the relay 
should pick up, the shunting resistance must decrease 
again below the values shown on curve 2 to cause the 
relay to release its contacts. 

The curves in Figs. 6 and 7 describe the shunting 


TABLE IV 
TRAIN CONTROL, MAXIMUM SHUNTING RESISTANCES FORWAED TEAIN IN MIDDLE OF THE BLOCE 


Maximum shunting resistance (ohms) 


Pick-up Drop-away 
0.227 0.132 
0.132 0.078 
0.058 0.0346 


0285 \ 139 deg 14 min. : 
0.284 \ 128 deg. 49 min. | 
0.255 VN 135 deg. 27 min. 


5 obm ballast 


0.186 \ 143 dee 30 min 
@181 \143de 5mm 
0143 5 141 de 2 om 


Pick-up Drop-away 
0.168 0.096 
0.097 0.058 
0.045 0.029 


0.256 \ 133 deg. 16 min. 
0.252 \ 132 deg. 27 min. 


20 ohm ballast 


Current im rails under receivers (amperes 


TABLE V 
TRAIN CONTROL, MAXIMUM SHUNTING RESISTANCES FORWARD TRAIN AT ENERGY END OF BLOCE 


0312 \ 143 deg. 27 min. 
0.286 \ 138 deg. 53 min. 
0.257 \ 136dez. 3 min. } 


5 ohm ballast 


Current in rails under receivers (amuperes) 


0208 (148d. 1 min 
@.172 \ 142 dee. 26 min 
O17 ‘\ 138 deg 52 min 


20 ohm ballast 
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requirements for safe operation of the train control 
equipment. For instance, during dry weather con- 
ditions when there is a train in the middle of a block 
and a following train is entering the block, curve 3 
in Fig. 6 shows that the resistance of the shunt of the 
forward train must be less than 0.096 ohm to cause 
the primary relay on the rear train to release its con- 
tacts and the resistance must remain less than the 
values shown on curve 4 to prevent the relay from 
picking up as the train proceeds into the block. If 
the relay should pick-up the shunting resistance must be 
reduced to a value less than those shown on curve 3 to 
cause the relay to drop away again. 

In the ordinary track circuit, the wheels of a train 
shunt out the track relay in series with the rails of the 
track but in the case of a forward train shunting current 
from a rear train there is only the impedance of the 
rails between the two trains and the impedance through 
the wheels and axles of the rear train to be shunted. 
The efiect of the shunting on the primary relay is not 
as good as the shunting of the track relay and the 
shunting effect on the primary relay on a following train 
becomes poorer as the train runs closer to the train 
ahead. 

In short train control track circuits, the condition 
of the ballast has little effect on the shunting of the 
primary relay but in longer circuits, a mile or more in 
length, the ballast resistance has a considerable effect. 
The curves show that the shunting is better during wet 
weather than it is under dry weather conditions. 


Appendix I 
INTERMEDIATE SHUNTING IN A-C. STEAM ROAD TRACK 
CIRCUITS 
It is possible to determine the maximum shunting 


resistance in either a-c. steam or electric road track 
circuits by using the general formula for shunting. 


EY 
Is 


This formula in either case may be employed when a 
shunt is connected at either end of a track circuit or at 
any intermediate position along the track. In solving 
any problem for shunting it is first necessary to deter- 
mine the values of Y and K and for this purpose formu- 
las have been given in a previous article? for determining 
these values in a steam road track circuit in cases where 
the shunt is applied at either end of the circuit. It is 
intended in this appendix to derive the formulas for Y 
and K that have been used in making calculations of 
shunting of the track relay at intermediate positions 
along the track. 

The diagram in Fig. 8 is the ordinary steam road track 
circuit in which A B is a track section to which there is 


G= = K 


a shunt connected across the rails at an intermediate’ 


position C. The circuit shown in Fig. 9 is the same as 


2. Shunting in A-C. Track Circuits, By C. F. Estwick, 
A. L E. E. Jocrnat, December 1921, p. 919. 
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the circuit in Fig. 8 except that the transformer has been 
transposed from its usual position at A to position C and 
is connected in series in the rails on the energy side of 
the shunt. 

The following is a description of the symbols em- 
ployed most of which are shown in Fig. 8, which we will 


Cc 


call the normal circuit, or that in Fig. 9, which will be 

referred to as the reverse circuit. 

E = voltage at transformer (standard phase), in both 
the normal and reverse circuits. 

equivalent current in the relay at 90 deg. phase 
displacement, which will just cause the relay 
to drop away or in determining loss of train 
shunt it is the value of current which just 
allows the relay to pick up sufficiently to make 


4 


I 


its contacts. 

Gc = minimum shunting conductance when a shunt is 
applied at C. 

Re = maximum shunting resistance when shunt is 
applied at C. 


The above quantities are considered as real quantities 
whereas those that follow are complex quantities. 
Zz = impedance of relay and leads to track. 
Z, = limiting impedance including leads to track. 
Z) = surge impedance of the track. 
6 =hyperbolic angle subtending portions of the 
track as indicated by subscripts. 


63 = tanh = position angle at B in normal 
0 
circuit 
6c = 63 + O@2c = position angle at C in normal circuit 
Is = current in relay when shunt is applied. 
Ico = current in rails on relay side of shunt in normal 
circuit. 
Ic, = current in rails on energy side of shunt in normal 
circuit. 
Zi sit ; 
6,’ = tanh ae position angle at A in reverse 
0 
circuit. 
6c’ = 6s’ + Oc = position angle at C in reverse 
circuit. 


I,’ = current in limiting impedance in reverse circuit. 

Ic:’ = current flowing through transformer in reverse 
circuit (impedance of transformer secondary 
is assumed negligible). 
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From the theory of the reverse circuit it will be under- 
stood that the current Jc, in Fig. 8 is the same as current 
I,’ in the reverse circuit in Fig. 9. With this principle 


in mind the following algebraic solution may be under- 
stood by reference to the diagrams. 


From Fig. 8 
cosh 6c 
se stew ( 
for = Is X cosh 63 op 
and from Fig. 9 
ANE z (2) 
Cl = i 
_ Ro % tanh do _ + Zz, tanh 6c’ 
Ro + 2 tanh 6c 
_ are cosh 64’ 3 
and Tor = In’ = Ici’ X cosh Oo! (3) 
From Fig. 8 
Re 
Tee — Ici x (4) 


Re + 2 tanh 6c 


Combining the above equations 
cosh 6c E 
to och fe) Ra, tanh oc 
Ro + 2 tanh dc 


cosh 6 xe Reo 
cosh 6c’ Ro + 2 tanh bc 


+ 2 tanh 6,’ 


(5) 


Simplifying the second member 


cosh 6c 


Is X cosh bz 


E Re 
~  Re(2o tanh d¢ + 2 tanh 60’) + 20? tanh dc tanh bc’ 


cosh 6,4’ 


‘cosh do! (6) 
For simplicity substitute 
cosh 6 
as b=zatanhdc c= Zo tanh 60’ 
h 64! 
1 "i cos ik (6a) 


cosh 6c’ 
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Then Isa = ah Peis (7) 
Remembering that Go = 1/Rc 
nae P 
oor (he nee me) 
wh foe Ed b+e 
ence CoS ie abe cas be ( ) 
Expanding we have 
Pays E cosh 6,’ cosh 6, 
© ~~ Is cosh 8c cosh 6c’ 2? tanh 6¢ tanh 6c’ 
2 (tanh 6c + tanh 6c’) (10) 


Zo? tanh dc tanh 6,’ 


E cosh 6,4’ cosh 63 tanh 6c + tanh 60’ 


One Tatuinhtc anh Sei 7 fatanhh Oo tanhigh ay) 


This formula is used for determining the minimum 
conductance or maximum resistance of a shunt at an 
intermediate position on the track. 

When the shunt is transferred to the A end of the 
track, this formula reduces to 

E cosh 63 Zi + 2 tanh 6,4 
= ie Ts Zi, Zo sinh Oa i Zi 20 tanh Oa 


And when the shunt is at the B end the formula 
becomes 


G (12) 


rs E cosh 64’ Zz + 2 tanh 6,’ 
= JaZneesinton. Zo 2 tanh og' 


From the above formula for intermediate shunting we 
then have 


G (13) 


cosh 6,4’ cosh dz 
dn =ith tata oeeinees? (14) 


i tanh 6c tanh 6,’ 
~ 2 tanh 6c tanh 6¢’ 


Having determined Y and K the maximum shunting 
resistances and corresponding currents in the relay 
can be computed in the manner already described in 
the previous article referred to above, however, to 
make this discussion more complete the formulas 
employed are given below. 

Let y = Slope of track phase current in relay (degrees) 
8 = Slope of local phase current in relay (degrees) 
o@ =B— vy = Phase displacement (degrees) 
y = Sizeof Y 
v = Slope of Y (degrees) 

m, n, e, and f are numerical values obtained from the 
following equations 


Ey 
i 


(15) 


Z(v—6) =m+jnand—K=e+jf (16) 


1042 


Then, when ¢ is positive (as it is in all cases con- 
sidered above), 


ont 


In this formula the proper sign m before the radical is 
used to determine Gc as a positive quantity. 
Then Rc =Au4 iy: Gc 


-f 
y=¥—tar'( 42>) 


and Ig = 


tee i (17) 


(18) 


sing “7 Me 
In the last formula sin ¢ is always taken as positive. 
Numerical examples given in the previous paper will 


show more clearly how these formulas are employed. 
Appendix II 


SHUNTING IN TRAIN CONTROL TRACK CIRCUITS 


In the train control track circuit shown schematically 
in the diagram Fig. 10 there are two trains in the block 
at positions C and D. It is required to determine the 


resistance of the shunt through the wheels and axles of 


ley 


atte Te 


ze 


Of 


Fie. 10 


the train at C which will just cause the primary relay 
on the train at D to release its front contacts or the 
resistance of the shunt which will just allow the relay 
to pick up and close the contacts. The resistance of the 
shunt of the following train at D is assumed to be negli- 


gible and short-circuits the track relay and the rails in 
the rear of the train. 
derived in a manner very similar to those in Appendix 
I for shunting of the track relay at an intermediate 
position in the block. If the line circuit in Fig. 10 is 
neglected it can be seen that the circuit in Fig. 11 is the 
same as the circuit in Fig. 10 except that the transformer 


The formulas for shunting are 
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has been transposed from its normal position at A in 

Fig. 10 to position C as shown in Fig. 11. The symbols 

employed herein are the same as those in Appendix I 

except as follows: 

Is = track circuit current in the rails under the front 
receivers on the train at D and is the same as the 
short-circuit current through the wheels and 
axles of the train. 

y = slope of the current Js. 

«4 = size of pick-up or drop-away track circuit current 
in the rails under the receivers on the train at 
D at 90 deg. phase displacement taken from the 
second and third columns in Table III. 

8 = slope of line circuit current in the rails under the 
rear receivers on the train at D given in the 
second column in Table II. 

6 = hyperbolic angle subtending the length of track 
from C to D. 

6s and 6c are not employed in this case. 

Referring to the diagram in Fig. 10 we have 
Ico2 = Is cosh 0 (1) 
and from Fig. 11 
E 
Ro 20 tanh 0 
Rc + 2 tanh 0 
It will be understood that Jc; in Fig. 10 is equal to 
I,’ in Fig. 11, therefore, 


Io,’ = (2) 


+ 2 tanh 6,’ 


cosh 6,’ 


fo. = In’ = Ici’ X Pesci BE 


(3) 


From Fig. 10 
Reo 
Ro + 2o tanh do (4) 
Combining the above equations, 
E 
Ro 2 tanh 6 
Ro + 2 tanh 0 


Tor = Ici X 


Is cosh 0 = 
+ 2) tanh 6,’ 


Re 
x Ro + 2 tanh 0 


cosh 64’ 
cosh 60’ 


(5) 


This equation is similar to equation (5) in Appendix 
I and treated in the same manner gives the following 
equations for the minimum conductance of the shunt 
of the train at C 


E cosh 6,4’ tanh @ + tanh 6¢’ 


Go = Ts 202 sinh 0 sinh 6c’ — a tanh @ tanh do’: (6) 
cosh 6,4’ 
Wheres fag zo’ sinh @ sinh do’ (7) 
tanh 6 + tanh 6.’ 
Pe an + tanh do (8) 


~ gz) tanh 6 tanh dc’ 


When the forward train is at A these formulas reduce 


£5 
G = E Zi + z tanh 6 9 
RE ee ae Ae ) 
an aol an aa 10 

= iy RC (19) 


Zi + 2 tanh 0 
Zi Zo tanh 6 


After determining the values of Y and K, the solution 
is completed in the same manner as in Appendix I 
employing the formulas (16) to (19). 

Numerical Example. As an example, consider a case 
of shunting in which there are two trains in a block, the 
forward train being in the middle of the section and the 
following train a distance of 2000 ft. in the rear of the 
train ahead or at a point 1000 ft. from the entrance end 
of the block. It is required to determine the maximum 
shunting resistance through the wheels and axles of the 
forward train which will cause the primary relay on the 
rear train to release its front contacts. The loop 
impedance of the rails is 0.25 ohm per 1000 ft., the bal- 
last resistance from rail to rail is 5 ohms per 1000 ft. and 
the resistance of the ballast from two rails in multiple 
to ground is 2 ohms per 1000 ft. of track. The voltage 
at the line circuit transformer is adjusted so that the 
total line circuit current from the transformer is 0.88 
ampere and the voltage at the track transformer is 
adjusted to 7 volts. The limiting impedance Z, = 
4 Z 83 deg. ohms. 


Line circuit current in the rails under the rear train 
is 0.87 X 1 deg. ampere as given in Table II. The 
drop away current in the rails at 90 deg. phase dis- 
placement is taken from Table III, 2 = 0.111 ampere. 

Let z = 0.25 Z 60 deg. loop impedance of rails per 

1000 ft. 
g = 0.2 conductance of ballast per 1000 ft. 
Zo= surge-impedance of the track 
and a = attenuation constant 
Then 


K = (11) 


0.25 Z 60° 
0.2 
a = Vzg = 0.25 Z 60°X0.2 =0.224 Z 30° hyp. 
= 0.1935 + j 0.112 = 0.1935 + 7 0.0713 
@ =2a = 0.387 +70.143 


2 = 42/9 = =1.12 Zz 30° ohms 


A Z 83° 
1.12 4 30° 
= tanh 3.57 2 53° 


Referring to the Chart Atlas of Complex Hyperbolic 
Functions’ Table XII,, we find by inspection from the 
curves 


Zu 
and 6,’ = tanh = tanh- 


3. Chart Atlas of Complex Circular and Hyperbolic Fune- 
tions, by A. E. Kennelly, Third Edition, 1924, Harvard Uni- 
versity Press. 
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64’ = 0.16 + 7 0.857 
Osc = 8a = 0.58 + 7 0.214 
bc’ = 64’ + Dac = 0.74 + 91.071 


Referring again to the Chart Atlas we may take out 
the following functions. 


We also have 
and 


Tika fee Rad ef eae 9 eda: | ae” from Table X—XI, 
oii) gle Sk ta: Es G2) 9 a a ee from Table XII, 

CORN On SeoO D718 SSRs Mie. from Table X—XI, 
sinh 6c’ = 1:283°2 94° 20’... ..... from Table X—XI, 


Tan Ooe = bee Ne GU 40S 2. .from Table XII, 


Employing formulas in Appendix II for train C at an 
intermediate position in the block. 


- cosh 6,4’ 
~ 2? sinh 6c’ sinh @ 
= O22 (ae oO. 
~ 1,254 Z 60° x 1.283 Z 94° 20’ x 0.45 Z 31° 30’ 
= 0.376 N 150° 50’ 
tanh 6c’ + tanh 6 


and K = Z) tanh 6,’ tanh 6 

4 1.54 \ 6° 40’ + 0.43 Z 27° 

Weiss Laois 1042s 60 400, 0.4957 2Te 

= 2.58 X 49°50’ = 1.665 — j 1.97 
or — K = — 1.665 + 71.97 

Whence 
y = 0.376 0 == Se LOS DO” v— 6B = NX 149° 50’ ~ 
Ey Te Oka to ety) 
mae (v— 8B) = GEM X 149° 50 
= 23.7 X 149° 50’ = — 20.5 — 711.95 

we then have 
m=—205 n=-—1195 e=— 1.665 f =1.97 
sone-bal(S)-0F 


= — 1.665 + 5.975 + +/5.975? + 40.4 — 3.88 = 12.88 
mhos 
Ro = 0.078 ohms 


Crew hese 


tan (——--) = V 150° 50’ — \ 7° 45’ 
eee 


— 1,97 


so) aN 7° AGF 


tan ( 


2 
I 
e 
| 


= N 148° 5’ 


o + 142° 5) 


Is = 


I 


Beis NIP % 148 bi 
1 0.111 
snod ~*~ 0.615. 


N 148° 5’=0.181 N 143° 5’ 
It may be seen that the abet values of Ro and Is 


are given in the second and fourth columns in Table 
Me 


Electric Conduction in Hard Rubber, Pyrex, 


Fused and Crystalline Quartz 
BY HUBERT H. RACE* 
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Synopsis.—The study of physical and electrical characteristics 
of insulating materials is of growing importance to the electrical 
industry because of the ever increasing potentials employed in 
electric generating and distributing equipment. The particular 
problem presented in this paper is related to engineering practise 
because polarization and conduction both result in the conversion of 
electric energy into heat. This produces increased local and general 
heating, which may be contributing causes to the progressive de- 
terioration and final breakdown of the insulation. The constant 
potential method explained in this paper provides a means for 
studying the inherent voltage-current-time relations which are 
masked in experiments using alternating applied potential. 


APPARATUS AND PROCEDURE 
A. New Method of Measurement. 
REVIOUSLY the most precise measurements of 
P the extremely small currents obtained in d-c. 
tests on good solid dielectrics have involved the 
use of a quadrant electrometer as a quantitative 
measuring instrument. 

The erratic shifting of the zero point and changing of 
the sensitivity of an electrometer led the writer to 
devise a method of measurement which uses the elec- 
trometer as a null indicating device, so that changes in 
sensitivity do not affect the results. ‘The method used 
is convenient and accurate for a range from 10-” to 
10-8 ampere, when the current is changing by only a 
very small percentage over a period of ten seconds 
or longer. 

The object of the tests reported in this paper was to 
determine curves of electric current flow as functions of 
time through certain solid dielectrics after constant 
potential had either been applied to, or removed from, 
opposite faces of a flat plate of the sample. 

The charge and current curves to be expected when 
constant potential is applied to such a sample are shown 
in Fig. 1. The great proportion of the charge is stored 
almost instantaneously, but because the dielectric is not 
perfect, the charge collected continues to increase. 
The curve of charge will approach a straight line whose 
slope will be zero if the final conductivity is zero, and 
will be finite if the final conductivity is not zero. 
The current curve is the first derivative of the charge 
curve and will have the general character shown. Its 
shape during the first instants will depend upon the 
characteristics of the external circuit. 

The initial pulse of the current passes in a very small 
fraction of a second after applying the potential and 

*Assistant Professor of Electrical Engineering, Cornell Uni- 
versity, Ithaca, N. Y. 
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Part of the material contained in this paper was presented by the 
writer to the faculty of the Graduate School of Cornell University 
for the degree of Doctor of Philosophy. The investigation was later 
continued with the joint support of the Hecksher Research Council 
and the General Electric Company. 

Several methods were tried for obtaining conducting surfaces on 
the specimens for constant potential tests. An improved method 
was devised for making tests and experimental results on four 
materials were obtained. Peculiar reversals were observed in the 
charge and discharge curves for fused quartz. 

The summary of experimental results is followed by suggestions 
for further research along similar lines. 


was not measured in any of the reported tests. For 
some materials, the stored charge continues to increase 
for weeks after the potential is applied, and is kept con- 
stant. It is this long-time current that has been 
measured in these tests. When the potential is re- 
moved after a long-time charge, the currents are similar 
but reversed in direction. 


The currents obtained are smaller than can be mea- 


| Qualitative Time-Curves of Charge and 
Current with Constant Applied Potential 
(Not Plotted to Scale) 


TIME. 


Fig. 1—QUALITATIVE CHARGES AND CURRENT CURVES 


sured with a galvanometer, so that a circuit usingfa 
sensitive electrometer was used. The diagram shown 
in Fig. 2 will help to explain the method of measure- 
ment. C,is the sample to be tested. Cais an auxiliary 
air condenser of known capacitance. P is a potenti- 
ometer used to vary the potential applied to the lower 
plate of Cs. The quadrant electrometer, Q. H., is 
used as a very sensitive electrostatic voltmeter to 
indicate any potential difference between the ground 
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and the isolated system comprising the upper surface 
of the active area of C, and the upper plate of C4. 

Before applying potential to the lower plate of C., the 
upper system is grounded by closing the ground switch 
shown in Fig. 2. Then when potential is applied, the 
initial rush of current is conducted through this ground 
connection. If the ground connection is removed 
at any time while current is flowing through the speci- 
men, the result will be an accumulation of charge on 
the isolated plates of C, and Ca, (upper system in Fig. 
2). This will result in an increasing potential of the 
isolated system indicated by amovement of the electrom- 
eter spot of light. 

Assume first that the electrometer is to be used 


Fic. 2—SimpiirieD DIAGRAM OF CONNECTIONS 


quantitatively; then the motion of its spot of light 
should be recorded and interpreted in volts per second, 
which, when multiplied by the capacitance of the con- 
nected system, would give the current flow. However, 
the difficulties with this method are that the capacitance 
of the system is difficult to determine accurately, and 
the capacitance and sensitivity of the electrometer 
are not constant. 

Now, as a different method, suppose that after the 
ground connection has been removed, the slider on P is 
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’ continually adjusted so as to keep the upper system 


(though insulated from ground) at ground potential. 
This is accomplished by so adjusting P that the electrom- 
eter spot of light is kept at its zero position. Such 
an adjustment is possible because any electricity passing 
from C, can be drawn onto Ca by properly varying the 
potential applied to the latter. If at the beginning 
and end of a certain length of time, the potential of the 
isolated system is at zero (or any other) potential, all 
of the current which has passed from C, in the interval 
will be collected on Ca. The average value of this 
current will be given by the equation: 
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where C4 is the capacitance in farads of the auxiliary 
air condenser and (e. — ¢:) is the change in potential 
applied to the lower plate of C4 from P during the inter- 
val of time (t: — t:), potential being measured in volts 
and time in seconds. 

For all of the tests, the current was considered positive 
in the direction in which it was normally flowing while 
a positive potential was applied to the lower plate of 
C,. 'To measure a positive current, it was necessary to 
apply a negative potential to the lower plate of Ca. 
When the current was reversed, for example during 
discharge after positive charge, the polarity of P had 
to be reversed in order to keep the potential of the 
isolated system zero. During a reading, continuous 
observation of the electrometer scale was necessary; 
therefore, the set-up was so arranged that all switching 
was remotely controlled from the observer’s position 
behind the scale. 

The complete diagram of connections is shown in 
Fig. 3. The positions of all the switches for different 
conditions of test are given in Table I. 


TABLE I 
SWITCH POSITIONS FOR DIFFERENT EXPERIMENTAL 
CONDITIONS 
Positions 
Switch Experimental 
number A B (5 conditions 
1 open closed. open A =Before starting a run and 
2 open open open during discharge readings. 
3 closed closed closed | B = At very beginning of a run 
4 closed closed closed and between charge readings. 
5 open open open C = During readings for charge 
6 down down down curve. 
7 up up up 
8 closed open open 
9 open right right 
10 open open open 
11 down down down 


The elaborate switching system shown in Fig. 3 
is not necessary for simple current measurements, but 
was installed for flexibility in the use of the same equip- 
ment for other related tests. 

B. Apparatus. 

C, is a guard-ring condenser arranged to provide a 
uniform dielectric field between the parallel surfaces 
of the specimen and to allow the measurement of the 
current passing to the middle plate. It is mounted so 
that potential can be applied to the lower plate. 

Q. E. is a Compton quadrant electrometer with a 
platinum sputtered quartz fiber. A potential of about 
60 volts has been maintained on the needle for several 
months. The adjustment is such as to giveasensitivity 
of from 3000 to 4500mm./volt, the scale being mounted 
at two meters. Sensitivities as high as 15,000 mm./ 
volt were obtained but they were accompanied by rather 
unstable conditions with large shifts of the electrometer 
zero and were therefore not used. The instrument is 
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shielded from air currents and the case is permanently 
grounded. 

Ca is an air condenser of known capacitance. A 64 
by 10-” farad fixed condenser having long quartz rods 
supporting and insulating one set of plates was used 
for measurement of the smallest currents. A variable 
parallel-plate air condenser, having a range in capaci- 
tance from 76 by 10-” to 5360 by 10—” farad, was used 
for measurement of larger currents. For these experi- 
ments, this capacitance was used at only three settings, 
namely, 5360, 1000, and 100. The rotating set of 
plates was mounted on amber bushings so as to elimi- 
nate leakage currents so far as possible. 

P is a Queen-Gray potentiometer carrying a normal 
current of 0.002 ampere with a potential range from 
zero to 1.91 volts, the smallest graduated division 
being 0.00001 volt. For large current readings, the 
potentiometer current was increased ten times, thus 
multiplying the potential readings by ten. 

Aisa milliammeter for roughly measuring the current 
in P. Final adjustments were made by checking 
against a standard cell. The potentiometer current 
was kept flowing continuously, so as to maintain 
constant temperature, and therefore constant resistance, 
in the coils. 

V is a voltmeter for measuring either the potential 
to be applied to the specimen or that on the electrometer 
needle. 

G is the common grounding point for the entire 
system. 

B, supplies constant potential to the electrometer 
needle. 

B, is a battery of over 800 volts for supplying any 
desired potential to C,. 

B; is a 24-volt storage battery supplying the con- 
tinuous current in P. 

C. Preparation of Specimens. 

With Air-Gap. The first series of experiments was 
made with specimens having polished plane parallel 
surfaces placed between the plates of a standard air 
condenser. The upper plate consists of two parts, 
the center section and a guard-ring. The guard-ring 
is supported on amber bushings which insulate it from 
the lower plate. The height of these bushings may be 
adjusted to give any desired spacing between the plates 
up to about an inch. The center section is supported 
from a brass cross-bar which is insulated from the 
guard-ring by a pair of sulphur bushings. The guard- 
ring was permanently grounded and the center section, 
although isolated from ground during a reading, was 
maintained at ground potential. (See method of 
making measurements.) Thus, a uniform electric 
field was maintained in the specimen out to the edge of 
the guard-ring and fringing was eliminated at the edge 
of the center section on which measurements were made. 

A copper wire, supporting one of the glass mercury 
cups, was mounted on the isolated center section of the 
upper plate. A mechanical lever arrangement was 
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provided so that the entire condenser could be rocked, 
thus moving the mercury cup up and down. An 
amalgamated copper wire suspended directly from the 
electrometer quadrants was adjusted to dip in this 
mercury cup when the latter was in its up position, but 
to be several millimeters above the surface of the 
mercury when the cup was down. Thus the connection 
between C, and Q. E.. could easily be made or broken, 
being remotely controlled from the observer’s position 
behind the electrometer scale. 

In the piece of apparatus just described, no attempt 
was made to provide good electrical contact between 
the lower surface of the specimen and the brass plate 
upon which it rested. A small air-gap here due to 
irregularities in the surface could be considered as part 
of the total air-gap, since there was from 1 to 2 mm. 
space between the upper surface of the specimen and 
the upper plate of C;,. 

With Intimate Contact. Later, we wished to elimi- 
nate entirely these air spaces and several methods were 
suggested for providing electrical contact between the 
condenser plates and the surfaces of the specimen. 
We were prejudiced against the use of mercury con- 
tacts by the difficulty of making a suitable guard-ring 
arrangement, and also by the work of J. E. Shrader®, 
who concluded from his experiments that powdered 
graphite provides better contact than mercury, es- 
pecially on polished surfaces. We finally decided on 
two methods of making these contacts: (a) by depositing 
a metal film on the surface, either by silvering or by 
sputtering in vacuum, or (b), by painting both the 
specimen and condenser plate surfaces with India ink in 
which we had mixed very finely powdered graphite and 
sticking them together while wet. When dry, they 
adhere to each other and the India ink with graphite 
provides a conducting surface on the face of the 
specimen. : 

In either of the above methods, it is imperative that 
the area of the specimen surface between the center 
section of the upper plate and the guard-ring be per- 
fectly clean and free from any conducting material. 
For this reason, considerable care must be taken in 
mounting the brass plates. 

D. Experimental Procedure. 


Detailed Procedure. Before starting a run, to 
insure that the specimen had no residual polarization, 
the switches were thrown as shown under A, Table I, 
Under this condition, C,, Q. E., and C's were connected 
together and isolated from the rest of the set-up, all of 
which was grounded. If the specimen had any residual 
polarization, the electrometer would show a drift in one 
direction or the other; but if the sample were completely 
depolarized, there would be no electrometer drift, in 
which case the specimen was ready for test. If the 
electrometer showed a drift, both plates of the con- 
denser containing the specimen were grounded and left 
until the residual polarization became zero. 

Before starting the experiment, it was also necessary 
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to adjust the potential of B, to exactly the value 
required to give the desired potential gradient in the 
specimen. The voltmeter V was used in making this 
adjustment. 

For aid in describing the exact method of procedure, 
let us consider the sample data sheet shown in Table II. 

At exactly 8:00 p.m., potential was applied to the 
specimen by throwing switch 9 to the right, switch 1 
having been previously closed and switch 8 opened. 
The charging current was then passing through switch 


TABLE II 
SAMPLE DATA SHEET 
L. N. hard rubber at a potential gradient of 400 volts/cm. 


April 2, 1927 Sample 5 with India ink contacts, Ca = 1000 
OE. 14) e ix 10-15 
Time Minutes Zero Volts Volts Amps. 
8:00:00 p.m 0 70.25 (Applied potential B, = + 246.5 
volts) 
0:45 0 
1:15 j —0.04 —0.04 +1333 
1:45 0 
2:15 2 0.0245 0.0245 816.6 
3:30 0.0025 
4:30 4 0.027 0.0245 408.3 
5:30 0.00145 
6:30 6 0.01825 0.0168 280. 
(ie {0) 0 
8:30 8 0.01305 0.01305 21755 
9:30 69.6 
10:00 0.00115 
13:30 69.3 Est.* 
14:00 12 0.0381 —0.03695 155.2 
14:30 : 69.15 —0.0003 
15:00 0.00305 
18:30 68.7 Est.* 
19:00 17 0.0305 0.02745 114.4 
19:30 68.75 
4/4/27 a.m. 
11:00:00 64.9 (Removed Potential) 
0:45 0 
1:16 1 +0.04 +0.04 —1290 
1:45 i 
2:15 2 0.023 0.023 766.7 
3:30 0.003 
4:30 4 0.0259 0.0229 381.7 
5:30 0.0025 
6:30 6 (missed the reading) 
7:30 0.00295 
8:30 8 0.01505 0.0121 201.7 
9:30 64.05 
10:00 0.0045 
13:30 63.6 Est.* 
14:00 12 0.0367 +0.0322 132.5 
14:30' 63.75 —0.0004 
15:00 0.00363 ; 
18:30 63.35 Est.* 
19:00 17 0.02695 | +0.02332 96.33 
19:30 63.45 —0.0002 
*Estimated. 


1 to ground without being measured. The position 
of all switches is shown in column B, Table I. 


Exactly 45 sec. later, switch 1 was opened and P was 
continuously adjusted so as to keep the electrometer 
spot of light approximately at its zero position. P was 
carefully adjusted so that the electrometer spot was 
exactly on its estimated zero position at 8:01:15, after 
which, switch 1 was again closed and the reading of 
P recorded. The potentiometer slider was then set 
back to zero ready for the next reading. This process 
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was repeated whenever it was desired to take a reading. 
At the end of each reading, in fact 30 sec. after closing 
switch 1, the true position of the electrometer zero was 
read. If this differed from the estimated position, the 
reading was corrected for the error, the electrometer 
calibration having been previously determined. The 
readings came in rapid succession, at least for the first 
few hours, after which they could be taken at longer 
intervals. 

Eliminating Switching Errors. The electrometer 
zero position was not stationary, but was continually 
shifting. Therefore. it seemed necessary, especially 
for readings of 10 min. duration, to provide a switching 
arrangement so that the electrometer zero could be 
accurately determined just before the final adjustment 
was made at the end of a reading. For this purpose, a 
mercury cup was provided, into which an amalgamated 
copper wire could be made to dip. (Switch 3.) When 
it was desired to determine the electrometer zero with- 
out grounding the combination of C, and Ca, switch 3 
was opened, switch 1 closed, and the zero position 
read on the scale. Then switch 1 was opened, switch 3 
closed, and the final adjustment of P made to bring the 
spot of light to its zero position. 

There were two possible sources of error in this 
process. 

a. If, when switch 3 was opened, the isolated system 
was not at ground potential, a certain amount of electric- 
ity was removed from the system when the electrom- 
eter was grounded. For readings at the very end of 
a discharge curve, this quantity might be an appreciable 
proportion of the total charge collected during the 10- 
min. period. 

b. The second source of error was probably the 
greater, however. It seemed impossible to keep the 
mercury sufficiently clean to eliminate a contact e.m.f., 
which was generated every time a switch was opened 
It was suggested that a layer of oil might 
be placed on the mercury to eliminate oxidation and 
thus prevent thise.m.f. This was not tried, however, 
because the method already described was devised for 
taking the data without making any switching opera- 
tions during a reading. 

Minimizing Leakage Errors. The value of current 
to be measured was so small that extra precautions had 
to be taken to make sure that electricity did not leak 
on to the system from some outside source, or that 
current which we wished to measure, did not leak off 
without being measured. For these reasons, the entire 
outfit was surrounded with a permanently grounded 
electrostatic shield. Also, the set-up was so designed 
that the isolated system, comprising the upper plate 
of C,, the electrometer quadrants and one set of plates 
of Ca, was supported entirely by these three pieces of 
apparatus. Thus, the four chances for leakage from 
this system were: 

1. Surface leakage from the upper plate of C, to 
the guard ring; 
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2. Surface leakage from the free quadrants of Q. E. 
to its case; 

3. Surface leakage over the insulating supports, 
from one set of plates to the other of Ca; 


4. Conduction through the air due to ionization. 


To guard against the first, the surface of the hard 
rubber was carefully scraped before the guard-ring 
and upper plate were mounted, the surfaces of the 
glasses were cleaned with concentrated nitric acid, 
washed with ammonium hydroxide, and then with 
distilled water. 


The second possibility offers very little chance for 
leakage since the quadrants were mounted on amber, 
the surface of which had been highly polished and 
carefully cleaned. 

The third offers a greater chance for leakage. The 
larger condenser C's is of the multiple-plate type manu- 
factured for precision radio work. The insulation 
furnished by the manufacturer was a pressed mica 
composition. This was found to have relatively large 
surface leakage and was replaced by Bakelite strips 
having amber bushings. Even with these precautions, 
it was found that the combination of the electrometer 
with Ca, C, being disconnected, showed a leakage 
drift always in the same direction but varying erratic- 
ally from 2 by 10-* to 10 by 10-% amperes. In an 
attempt to decrease this leakage when reading small 
currents, a small fixed air condenser was made with one 
set of plates insulated and supported by long quartz 
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rods. The system leak was thereby reduced to about 
one-third the previous value. 

The fact that the observed leakage was always in the 
same direction leads us to think that some at least was 
due to the fourth possibility mentioned above, especially 
in C« where the air path between plates was relatively 
short and of large area. 


J. J. Thomson", in his book ‘The Conductivity of 
Electricity Through Gases’, quotes C. T. R. Wilson, 
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who, in 1901, showed that in dust-free air, the maximum 
quantity of electricity which can escape in one second 
from a charged body in a closed space whose volume 
is V cu. em. is about 10-* V electrostatic units. This 
equals about 0.333 by 10-7 V coulombs per sec., and 
is sufficient to account for part, but probably not all, 
of the leakage observed in our experiments. 

Null Method Eliminates Electrometer Errors. The 
errors that make it inconvenient to use an electrometer 
as a deflection instrument will be summarized briefly. 

It is difficult to determine accurately the capacitance 
of C, or the electrometer, and both of these must be 
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known if the deflections are to be interpreted in amperes. 
The electrometer capacitance changes with any change 
in the position of the needle. The fast readings are 
in error because of the inertia of the moving needle and 
the viscosity of the air surrounding it. More serious 
than any of these, perhaps, is the fact that the calibra- 
tion changes with variations of the zero position and 
other factors; and also that there is not a straight line 
relation between deflection and the potential on the 
quadrant. 


For all of these reasons, while an electrometer is 
very useful: in making relative measurements, it has 
disadvantages when used as a quantitative instrument. 
Therefore, the simpler quantitative method already 
described was devised, using the electrometer only as a 
very sensitive zero potential indicator. 


EXPERIMENTAL RESULTS 
A. With Air-Gap. 

As already indicated, the first tests were made with 
the gap between the upper surface of the specimen 
and the upper plate of the condenser. A plate of hard 
rubber and one of Pyrex glass were tested in this way. 

In Fig. 4, curve 1 shows the charge curve which 
although not plotted, was continued for nearly 4000 
min., or until the current had decreased to about 15 by 
10-% amperes. Curve 2 shows the discharge taken 
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after the charge by removing the potential and ground- 
ing the lower plate. 


Fig. 4 is shown for two reasons: first, to illustrate how 
rapidly the current drops during the first part of the 
discharge curve, and yet how long, relatively, it takes 
for this current to die out entirely. The second reason 
is embodied in curve 3, in which the reciprocals of the 
points on curve 2 have been plotted against time. If 
curve 2 were an hyperbola with the axes for asymptotes, 
curve 3 would be a straight line passing through the 
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origin. The plot shows very definitely that curve 2 is 
not a hyperbola. 

The wide difference between curve 1 and 2 is due to 
the air-gap, for eliminating the gap eliminated the 
difference, except for the actual conduction current 
which is, of course, absent on discharge, (see Figs. 7 
and 8). For this reason, subsequent tests were made 
with intimate contact between the specimen and upper 
plate of C,. 

Fig. 5 shows that the relation between 7 and ¢ does 
not even approximately follow a simple exponential 
law. 

The charge and discharge curves for hard rubber, 
which have been shown in the last two figures plotted 
in different ways, are plotted in Fig. 6 using logarithmic 
scales for both current and time (C H- 2 and 
DH - 2). It is seen that the experimental data give 
practically a straight line relationship between log. 7 
and log. t. 

CH-1 and DH-1 are similar charge and dis- 
charge curves taken for a sample of Pyrex glass, nearly 
15 em. thick. The principal fact to be gained from 
these is that the straight relationship makes the polari- 
zation an inverse power function of the time: 

i» = (const) t” 
B. With Intimate Contact. 

Pyrex Glass. After the curves and C H-1 and 
D H - 1, shown in Fig. 6, had been obtained, the same 
specimen was prepared with intimate contact between 
the surfaces of the specimen and the plates of the con- 


(2) 


ELECTRICAL CHARACTERISTICS OF INSULATING MATERIALS 


1049 


denser. The results of this latter test, plotted in a 
similar manner, are shown in Fig. 7. 

The upper series of circles, through which no line is 
drawn, are points on the charge curve which is ap- 
proaching a horizontal asymptote, the final conduction 
current J,. In the case of Pyrex, I, is a very appre- 
ciable proportion of the charge current. 

The series of completely filled dots gives the observed 
discharge curve, which follows the straight-line law 
for over 100 min., after which it drops off more rapidly. 

The series of half filled circles is obtained by sub- 
tracting the value I, from each of the charge readings, 
obtaining thereby the effect of polarization alone. 
These lie superimposed upon the points of the dis- 
charge curve showing that the phenomenon is revers- 
ible. This relationship may be expressed by the equation: 

1p = 1 (charge) — I, = — 7 (discharge) (3) 
This relation was stated long ago by Curie! as a result 
of the law of superposition. 

Although charge curves similar to Fig. 7 are not 
shown in his published work, the relation represented by 
eq. (2) was reported by von Schweidler,’® who obtained 
discharge curves, similar to those shown in Fig. 7, for 
mica, paraffin paper, and glass condensers. 

A curve for fused quartz obeying the law of eq. (2), 
was shown by A. Jaquerod and H. Mugeli;> but they, 
like von Schweidler, chose to convert this simple 
experimentally observed relation to a sum of exponen- 
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tial terms, believing this form easier of theoretical 
explanation. J 

The deviation of observed points in Fig. 7 from the 
straight-line law may be due to one or both of two 
causes. 

a. A slightly erratic unidirectional instrument 
leak, comparable to the lower values of the curve, was 
observed. ‘This error decreased the discharge readings 
but added to the charge readings, the charge current 
being in the opposite direction to the discharge. The 
error might well account for the observed departures 
for the points of icu— J, lie above the line and the 
discharge points lie below it. 

b. The other possible explanation is that the reaction 
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of the material actually does not obey the law. This 
ean be determined only by further experiment using 
more refined methods so as to eliminate possble 
apparatus errors, 

Hard Rubber. Fig. 8 shows the results of a series of 
experiments on two samplesof hard rubber. Specimen 
T was tested at four different potential gradients, 
giving curves 1, 2, 3, and 4. Speeimen5, obtained from 
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& G@ifferent manufacturer, was tested at only one po- 
tential gradient as shown by curve5. Curves 1,3, and 
4 were taken with a positive potential applied to the 
lower plate of the condenser. A poor switch contact 
destroyed the valweof the discharge readings forcarve 1, 
so that they were not plotted. Curve 2 was taken 
with & negative potential applied to the lower plate of 
the condenser. This shows that the rewults were 
independent of the direction of the apphed potential. 

The unidirectional apparatus errors were found by 
several tests to be comparable to the value of the final 
conduction current for hard rabber. In rans 1, 3, and 
4, these errors were im the same direction as the final 
conduction current and therefore add up to give the 
observed constant value J, In ran 2, the apparatus 
errors were in the opposite direction to the conduction 
current, and therefore lowered the charge and raised 
the discharge curve. Indeed it seems that the errors 
and the conduction current are about of the same 
mearly supemmposed. This suggests a way of can- 
celing out the exrors, if it is found impossible to remove 
ther cause; namely, to take two rums at each potential 
gradient under identical conditions, except that the 
Girection of the potential is reversed. 

Because the experimental data indicated that the 
curves were directly proportional to ithe applied 
potential, the ime: 1, 2,3. and 4. weresodrawn. They 
are plotted parallel and apart by distances, so that 
the ordimates of current at any imstant are direcily 
Proportional to the applied potential gradient. By 
observing the agreement of the limes with the observed 
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points, the reader may draw his own conclusions 
regarding this proportionality. - 

Carve 5 shows that specimen 5, while having approxi- 
mately the same time rate of change of polarization 
&S specimen 7, gives less than one-third as much polari- 
zation under the same conditions. The composition of 
these two samples is not known to the writer, so no 
deduction can be made as to the reason for this 
difference. 

The values of J,, taken at the end of each charge 
curve, included the apparatus errors in the same direc- 
tion as the actual conduction current. Therefore, the 
best we can say is that the actual conduction current 
was equal to, or less than, the observed value; and 
that the actual apparent resistivity of the matenal 
was equal to or greater than that computed using the 
observed values of J,. (See Table IV.) 

Fused Quartz. A sample of fused quartz and one of 
crystalline quartz on which some previous measure- 
ments had been made were obtained from the Bureau of 
Standards. The whiter believes that these are the 
same samples used by V. E. Whitman” im making 
Similar stadies on current flow in fused and crystalime 
quartz. The fused quartz was im the shape of a thin 
disk with plane parallel faces. It was silver-plated on 
both sides, with a suitable suard-ring. 

Fig. 9 shows a typical example of some of the first 
measurements made on thissample. No measurements 
were taken within the first mimute after applying or 
removing the potential and it is impossible to show 
exactly what was happening at the two extremes of 
either curve since in this figure they were plotted to 
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Several sets of data with different applied potentials 
were taken with the hope of findimg the rebiton pre 
viously shown for hard rubbar m Fig. 8 No soch 
relation was found; on the contrary, it was impossible 
to get the same curve twice with the same applied 
potential. Also curves obtaimed with positive applied 
potential, while of the same form, were not symmetrical 
With those obtained with 2 negative applied potential. 
In fect, the cuorrent-tmme carves for this sample did mot 
seem to obey amy quantitative lew, but seemed rather to 
be umaccountably erratic. 

It might be well to state here that the upper pleie of 
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C, (see Figs. 2 and 3) was connected to ground all of 
the time except while a reading was actually being 
taken; even then, it was kept at ground potential. 
Each time before potential was applied the sample was 
tested to be sure that there was no residual current 
flowing due to relaxation from some previous charge. 
The investigator was gradually convinced that 
something unexpected, and which he was not observing, 
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was happening during the first minute. Up to this 
time the first reading for each curve had been taken 
one min. after applying or removing the potential. 
Thereafter, the electrometer was used quantitatively, 
and as many readings as possible obtained during the 
first minute. 


Fig. 10 represents a typical set of results, the heavy 
line showing how they were first interpreted. These 
points give no indication of the current flow between 
the relatively short observations; and subsequent 
curves indicated that the data should be interpreted 
as slow oscillations shown by the dotted curve. 
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At first it was suspected that this reversal might be 
caused by some peculiar condition of resonance in the 
circuit. This idea was discarded because when an 
air core inductance of about 400 millihenrys was con- 
nected in series with C,, no apparent change was 
noticed in the charge and discharge curves. Computa- 
tions also showed that impossible values of circuit 
constants would be necessary to give a frequency of 
natural oscillation as low as one cycle per min. There- 
fore it was concluded that these reversals were either 
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due to the contact surfaces, or else were a characteristic 
of the material itself. 

The next step was to try new contact surfaces. The 
silver film was removed from the quartz plate, the 
surfaces were carefully cleaned, and new contacts pro- 
vided by painting with India ink containing findy 
powdered graphite. The first coat was allowed to 
dry; then a brass disk was painted with the same 
mixture and placed on the coated surface, thus insuring 
good contact, since the brass was held firmly after the 
ink had dried. 


+] |Contacts of Graphite Bin’ 
75 | Thickness 0.254 * 2009, 
i Centimeters 


a : | 
a ctive Aves 182 +300 
g 10 Sane . 
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Fig, 12—Fusep Quartz wits Graprsire Conracrs 


Figs. 11, 12, and 13 show typical sets of data taken 
with the new contacts. The reversals are shown 
very clearly. The relative magnitudes of the first 
and subsequent readings for each run are indicated 
best by Fig. 11, which is plotted using uniform scales. 
The same set of data is plotted for a much longer time 
in Fig. 12, using logarithmic scales. The effect of 
applying a negative instead of positive potential to 
C, is shown in Fig. 13. 

In Figs. 12 and 18 the curves are broken where they 


7002510 10 100 
MINUTES 
Fre. 18—Fusen Quartz wits Grarsrts Contacts 
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cross the axis because the scales are logarithmic and 
no zero can be shown. So far as we could see, changing 
the contact surfaces did not affect the results, so that 
they indicate the reactions of the material itself. 
It is quite possible that in each case the observed 
results were preceded by unmeasured oscillations of 
much shorter period. As an aid in the possible inter- 
pretation of these results, the complete history of this 
sample of fused quartz, for two months preceding the 
final experiments, is tabulated in Table IIT. 


1052 


TABLE III 
HISTORY OF PLATE OF FUSED QUARTZ 


Previous to the tests recorded below the plate, with silvered surfaces 
connected together had been lying idle for some time. No residual charge 
could be detected 


Days af- 

Date _ |ter 11/20 Treatment Remarks 
11/20/27 0 Applied — 813 volts Data plotted Fig. 9 
11/22 2.1 Removed potential 
11/24 3.96 | Applied + 813 volts Suspected erratic. be- 
11/25 4.98 | Removed potential havior at beginning 
12/6 15.96 | Applied — 406.5 volts Observed reversal dur- 

16.17 | Removed potential ing first minute 
92/7 Toe Applied + 406.5 volts Observed reversal during 
17.35 | Removed potential first minute 
12/8 18.13 | Applied — 813 volts Reversal observed but 
18.35 | Removed potential ordinates were not pro- 
portional to potential 
applied 
12/13 22.92 | Applied + 813 volts Observed reversal 
12/14 24.12 | Removed potential No data 
25.18 | Applied — 813 volts with | No apparent effect in 
12/15 376 millihenrys in series results 
25.22 | Removed potential 
12/16 26.33 | Applied + 813 volts with | No effect 
same inductance in series 
12/17 26.92 | Removed potential 
27.08 | Applied + 813 volts with- 
12/17 out series inductance No effect 
27.12 | Removed potential 
Applied + 813 volts after 
plate had been grounded | Data plotted Fig. 10 
1/ 9/28 for three weeks 
50.19 | Removed potential 
1/14 55 Silver surfaces were re- 
moved and India ink 
with graphite contacts 
provided 
1/18 59.1 Applied + 813 volts 
1/20 61.12 | Removed potential Data plotted 
1/21 61.96 | Applied — 813 volts Figures 11, 12, and 13 
1/23 64.3 Removed potential 


Reversals of Current in Fused Quartz. 


Reversals in direction of discharge current curves 
occurring after corresponding reversals of the charging 
potential have been observed by numerous investiga- 
tors.6 Richardson* shows curves demonstrating this 
effect for a sample of crystalline quartz cut parallel 
to the axis. The law governing the effect was stated in 
1889 by Jacques Curie! as the principle of superposition. 

However, the results shown in Fig. 10 to 13 cannot be 
explained by this principle because the specimen is 
kept grounded (short-circuited) after each test until 
it has relaxed as completely as it will; 7. e., until the 
upper plate shows no tendency to acquire a charge in 
either direction if the ground connection is removed. 
This is assumed to indicate a neutral or unstressed 
condition in the dielectric. Then, according to the 
principle of superposition, if a positive potential of 
constant magnitude were applied, the current flow 
would always be in the positive direction. 

Perhaps, upon depolarization, the polarizing elements 
do not regain truly neutral positions, although they do 
assume an arrangement which is in stable equilibrium. 


RACE 


“ 


Journal A. I. E. E. 


Thus, the reversals observed might be caused by over- 
straining and slow time oscillation about a new equilib- 
rium arrangement whenever the applied potential is 
changed. 

This effect might be accounted for by the condition 
assumed at the point (6) of Fig. 12 in the recent paper 
published by Malti’. 

The writer is not prepared to offer any other explana- 
tion of the results observed, although he believes them 
to represent truly the reactions of the sample tested. 
He would be very pleased to learn whether other 
investigators have observed similar reactions on fused 
quartz or other materials. 


TABLE IV 
SUMMARY OF EXPERIMENTAL RESULTS 
All data were taken at temperature of 20 deg.—22 deg. cent. 


1 Oy 4 5 6 
Hard rubber ....| 200, 400 | 6.5 by 101°| 3.6 by 10!%| 550/1 0.924 
INGA Tao ete ae 600, 800 
Hard rubber 
INO 5.2cre ee 400 1.7 by 1016 | 3.2 by 10% 190/1 0.953 
Pyrex glass...... 
INO; 12.2 eee 200 4.9 by 10° | 8.6 by 1018} 17.5/1 0.6262 
Fused quartz 3200 1 by 1018 | 8 by 1019 80/1 | 0.678 
INO, 14757 Fe approx. 
Crystalline 
quartz No. 11. 1000 1 by 10'® | 1 by 1016 1/1 0.525 


Column 1—material under test 
Column 2—G = applied potential gradient in volts/em. 


e 


Column 3— Pp, = = apparent resistivity where i, is the current per 
unit area in amperes/sq. cm. measured 1 min. 


after the application of potential 


iy 


€ 
Column [tos gi where i; was the final constant value of i 


Column 5—ratio of P_/ Py 
Column 6—coefficient b, when the polarization current is exressed by 
equation (1). 


A compilation of the known characteristics of silica is 
presented by Sosman”, “The Properties of Silica.” 
However, no information similar to that observed by 
the writer was found in this work. 

Crystalline Quartz cut Parallel to the Axis. A plate 
of clear crystalline quartz, cut parallel to the axis, was 
also borrowed from the Bureau of Standards. The 
contacts on this sample were made by sputtering a 
gold film in vacuum on the carefully cleaned surfaces. 
Here, again, a guard-ring was provided. The chief 
objection to this type of contact is the length of time 
necessary to get a good conducting film. 

Fig. 14 shows the only set of data obtained to date on 
this sample. The upper curve shows that the final steady 
current is very high compared to that of fused quartz. 
The lower curve shows a return polarization current 
larger than the charging current for the first minute 
and a half, and continuing for an extremely long time. 
In fact, one month after the potential was removed, 
a discharge current could still be detected, although the 
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plates had been short-circuited for the entire time. 
This indicates the difficulty of obtaining complete re- 
laxation in such a material. The writer believes that 
if the charging current had been continued for 100,000 
min., the lower part of the discharge curve might have 
continued a straight line instead of falling off as it did. 


SUGGESTIONS FOR FURTHER RESEARCH 


A. Studies Similar to Those Reported Here. 

1. Studies on a large number of materials to separate 
them into the following three groups; (a) those showing 
both polarization and conduction; (b) those showing 
appreciable polarization and negligible conduction; 
(c) those showing negligible polarization and appreciable 
conduction. 

For these studies, it would be necessary to keep 
constant the parameters listed below; but this would 
not require the apparatus necessary to vary them 
through wide limits, and therefore could be done much 
more easily. 

2. Intensive study on a representative substance 
from each of the three groups listed above. To ac- 
complish such a study, it would be necessary to control 
all of the variables which affect the phenomena. Then, 


+10,000 F 
x16! Applied + 210 Volts rs hares 
+1000 eee 


Crystalline Quartz 
Cut Parallel to Axis 


~5,000 Sputtered Gold Contacts 
3x 10° pobre ee 
o ctive Area 23. . Cm, 
2 es 
= 
= 


Removed Potential 
After 2985 Minutes 


100 1,000 10,000 100,000 
MINUTES 


Fig. 14—CrystaLuingE Quartz wiTtH Gotp Contacts 
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by varying one at a time, keeping all the others con- 
stant, the individual effects of each parameter could be 
- studied. This would be a large undertaking, require 
especially designed apparatus, and take a great deal 
of time. However, we cannot say much regarding 
dielectric reactions until it is accomplished. The 
possible parameters are: (a) thickness of specimen; 
(b) area of specimen; (c) temperature; (d) humidity; 
(e) potential gradient; (f) length of time of application 
of potential. 

From this study a classification would be obtained 
separating dielectrics into two groups: (a) those whose 
reactions obey laws of proportionality with the possible 
parameters, and whose reactions can therefore be 
computed; (b) those whose reactions are quantitatively 
erratic and non-predictable. 

B. Studies of Polarization Potential. 

The author believes that very interesting current- 
time relations will be found if, after a complete charge 
curve, the potential is reduced, not to zero as in the 
case of all the tests reported in this paper, but to a 
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potential smaller than that previously applied and in 
the same direction. A family of such curves could be 
obtained by having identical charging conditions, and 
reducing the potential to different values, ranging from 
zero up to the potential applied during charge, (see 
Reference 8). 

C. Studies of Residual Charge. 

If, after a complete charge curve, the condenser is 
short-circuited and then isolated, a difference of poten- 
tial will gradually appear between the plates, showing 
that a free charge is collected on them which may be 
removed by again short-circuiting the plates. It 
would be very interesting to study this liberation of 
residual charge: 

1. As a function of the time allowed between suc- 
cessive short circuits; 

2. Asa function of the rate of rise of potential which 
could be controlled by varying the capacitance of an 
air condenser placed in parallel with the specimen. 

D. Studies of Energy Involved. 
1. Input Energy. 
This may be computed by the equation 
d 


Weencer = ers Si ten dt (4) 


where d is the time at which the charge is discontinued. 

2. Recoverable Energy. 

If experiments are performed as indicated under 
section B, above, and the value of the reduced potential 
Ex is such that current flows against this potential, 
the energy recovered is given by the equation: 

ri 


WW yeeasered Eon fs ton dt (5) 


oO 
where f is the instant of time at which 7,,, reverses and 
begins to flow in the same direction as the previous 
charge current. 

8. Loss to Heat. 

The difference between the energy input and the 
energy recovered is energy lost.. In all the experiments 
reported in this paper, the energy recovered was zero, 
since both plates of the condenser were maintained at 
zero potential during discharge. Therefore, all the 
energy input was lost to heat; (a), in forcing the material 
through the cycle of polarization, and (b), in the actual 
I, r loss. Therefore, the energy used in polarization 
could be computed by substracting from the input 
energy, the energy recovered, and the J,’ r loss, if we 
could assume that J final = JI,. 

E. Correlation of A-C. and D-C. Tests. 

As the frequency of the alternating potential is 
decreased, the loss per cycle ought to approach the loss 
per cycle of a d-c. test having the same magnitude 
of applied potential. Therefore, very interesting data 
should be obtained by using the same sample for both 
types of experiment and comparing the results. 


SUMMARY 


A. A simple, sensitive modification of previous 
methods is developed for measuring current-time, 
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charge and discharge curves in solid dielectrics with 
constant applied potential. 

B. Coefficients of final apparent resistivity agree 
very well with those reported by earlier investigators. 
The fact that a higher value is reported for fused 
quartz is due to the extreme length of time taken, to 
allow the current to decrease to its minimum, and to the 
high sensitivity of the method of measurement. 

C. The phenomenon studied must be due to some 
form of polarization, since representative curves were 
obtained with an insulating air-gap between the speci- 
men and the upper plate of C,. 

D. 1. For all the materials studied, the law ex- 
pressed by equation (2) is verified over a considerable 
length of time. An exception was found in fused quartz 
during the first minute or so after changing the applied 
potential. 

2. The law expressed by equation (3) is verified for 
Pyrex glass and hard rubber. 

3. For hard rubber within the range of potential 
studied, we have found that the polarization current is 
directly proportional to the applied potential, and that 
the relaxation coefficient 6 in eq. (2) is independent 
of the applied potential. 

4. The sample of fused quartz behaved differently 
from the other materials tested, and showed current 
reversals unaccounted for by the principle of super- 
position. Its reactions cannot be taken as representa- 
tive of all dielectrics. 

E. The final apparent resistivity of some materials 
ean be determined only after a constant potential has 
been applied for several days; i. ¢., it takes days, and 
even weeks, for 7, to become negligible compared to J,. 

F. Of the several methods tried, India ink with 
finely powdered graphite was found to give the most 
satisfactory contact between the surfaces of the 
specimen and the brass plates of C,. 


GENERAL CONCLUSIONS 


A. Solid dielectrics showing the property of polar- 
ization may be found to divide themselves into 
distinct groups having entirely different conduction 
characteristics. 

B. The mechanism of conduction in dielectrics 
differs from that in metals so that the expression 
“dielectric resistance’ has an entirely different 
physical meaning from the expression “metallic 
resistance.” 

C. The present need in this field is for thoroughly 
coordinated, carefully executed researches to deter- 
mine how all the related phenomena vary with changes 
of all the parameters which affect them. 

Bibliography 

Extended biliographies on this subject will befound in references 
6, 7, 10, 14, amd 15. The others listed are simply those to 
which direct reference has been made in this paper. 

Ll. Curie, Jaeques, Ann. de Physique, Vol. XVII, 1889, p. 385 

2. Curtis, H. L., Bul. Bur. of Standards, 1915, 11, p. 359. 


RACE 


ae 


Journal A. I. E. E. 


3. Curtis, H. L., A. I. E. E., Trans., Vol. 46, 1927, p. 1039. 

4. Hopkinson, J., Phil. Trans, 1876, p. 166 and 489. 

5. Jaquerod and Mugeli, Arch. des Sci. Phys. et Nat., series 
5, 4, 1922, p. 89. 

6. Karapetoff, V., A. I. E. E. Trans., Vol. ‘47, 1926, p. 124. 

7. Malti, M. G., A. I. E. E. Trans., Vol. 46, 1927, p. 616. 

8. Richardson, S. W., Proc. Roy. Sie 107, 1925, p. 101. 

9. Schrader, J. E., Phys. Rev., 17, 921, p. 502, 507. 


10. von Schweidler, E. R., Ann. der Physik and Chem. 24, 
1907, p. 711. Sc. Abs. A. 11, 1908, p. 236. 
11. Sinjelnikoff and Walther, Phys. Zischr., 40, 1927, p. 786. 


12. Sosman, R. B., The Properties of Silica, 1927. Amer. 
Chem. Soe. Monograph series. 

13. Thomson, J. J., Conductivity of Electricity through 
Gases, p. 3. 

14. Whitehead, ry. B., A. I. E. E. Trans., Vol. 45, 1926, p. 102. 

15. Whitehead, J. B., Lectures on Disteere Theory and 
Insulation (MeGraw-Hill 1927). 

16. Whitman, V. E., Am. Opt. Soc. Jr., 12, 1926, p. 31. 


Discussion 
C. L. Dawes: I am particularly interested in work which 
involves the properties of dielectrics, since at Harvard University 
we are and have been for some time past conducting a similar 
study. In fact, P. L. Humphries, an instructor in Electrical 
Engineering, has already obtained the dielectric characteristics 


MICROWATTS PER CUBIC CENTIMETERS 


Dy) 10 20 30 40 50 60 70 80 
CYCLES PER SECOND 


Fie. 1—Frequency-Powrer CHARACTERISTIC OF Pyrex 


3450 volts per cu. cm. gradient. Temperature—25 deg. rent. 


of Pyrex glass over a wide range of frequencies and temperatures. 
These results will be published in the Electrical World in the near 
future. Our special problem at present is the study of the 
ionization of gases. We restrict the energy flow to the gas with 
a slab of Pyrex glass, having an effective electrode area of 111.3 
sq. em. and a thickness of 1.411 em. The characteristics of the 
gas are obtained by deducting the characteristics of the Pyrex 
glass from the measured characteristics of the glass and gas in 
series. It is, therefore, necessary to know the characteristics 
of the Pyrex glass. We first used ordinary plate glass, but 
later found Pyrex glass more suitable, because its characteristics 
vary much less with change in temperature. We attempted, 
without success, to obtain a suitable piece of fused quartz for this 
work. 

In Fig. 1 herewith is shown a plot which gives the power loss 
of Pyrex glass as a function of frequency. The curve was 
obtained at 25 deg. cent. and with 5000 volts r. m. s. impressed, 
giving a gradient of 3540 volts per em. The relation of power 
loss to frequency is linear. If the curve is extrapolated to zero 
frequency, the corresponding loss is 1.4 microwatts per cu. em. 
This corresponds to 4.47 X 10~° watt per cu. em. if the voltage 
gradient is 200 volts perem. The watts loss per cu. em. obtained 
by Professor Race with a gradient of 200 volts per em. and at the 
final constant value of direct current may be obtained from 
Table IV and is equal to (200)?/(8.6 « 10~'°) = 4.65 x 10— watt. 
It is thus seen that there is a great difference between these 
two values. It does not seem possible that this difference can be 
accounted for by differences in the specimens tested. 
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It would have added considerably to our knowledge of di- 
electrics if it had been possible for us to obtain data between 
20 cycles per second and zero frequency, and thus attempt to 
explain the above discrepancy. Addenbrooke! has made some 
comparisons of the d-c. characteristics of dielectrics with their 
a-c. characteristics. However, in our present research we are 
not particularly concerned with the Pyrex glass itself, but rather 
in the application of its dielectric characteristics to another 
problem. Hence, at this time we do not feel justified in carrying 
the research any further in this particular direction. 


At first sight, it seems an anomaly that in the measurement of 
power loss, we are able to obtain far greater sensitivity with 
alternating current than with direct current, in spite of the fact 
that with alternating current, the energy component of the 
current is associated with a quadrature component having many 
times the value of the energy component. These two com- 
ponents must be separated in the power measurement. The 
reason that this high sensitivity is obtained with alternating 
eurrent is that we are able to employ a very sensitive tuned 
galvanometer, working in conjunction with a vacuum-tube 
amplifier. Although we have an extremely sensitive d-c. gal- 
vanometer (10-!! ampere for 1 mm. deflection at a distance 
of one meter) its sensitivity would need to be increased 1000 times 
to adapt it to the measurements of these samples of high- 
resistivity materials. Hence, some indirect method, such as is 
deseribed in Professor Race’s paper, is usually necessary Here- 
tofore, very small currents such as electronic saturation currents, 
have been determined by measuring the change of potential 
across a condenser with some type of electrostatic instrument, 
often a gold-leaf electroscope. Professor Race eliminates the 
deflection errors, which are large in this type of instrument, 
by means of an electrostatic Poggendorff method. The instru- 
ment acts merely as a zero detector. From my own experience 
with this type of measurement, I agree with him that this null 
method has much greater inherent precision than the deflection 
method. 


It is interesting to note that d- and a-c. losses in cables have 
been compared by Percy Dunsheath of the Henley Telegraph 
Works of England. He has found that for the same voltage 
gradient, the a-c. loss at 50 cycles varies from 13.4 to 3460 times 
the d-c. loss, depending on the temperature. (‘‘Dielectrie Prob- 
lems in High-voltage Cables;”’ Journal I. E. E., Vol. 64, 1925-26, 
page 113). At Harvard University we are making similar 
studies with cables and plan to publish some of the results. 

We all realize that our present knowledge of the behavior of 
dielectrics is rather vague. The Committee on Dielectrics of the 
National Research Council and various committees of the 
national engineering societies are working to avoid unnecessary* 


1. Proc. Physical Soc. of London, Vol. 27 (1915), p. 291. 
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duplication in dielectric research and to correlate the results. 
The results of this paper, when correlated with similar work being 
carried on elsewhere in this country, should add to our knowledge 
of the behavior of dielectrics under the action of direct current. 

F. W. Grover: I have been much interested in the paper by 
Professor Race because he deals with a subject on which I did 
some experimental work while at the Bureau of Standards. 
We studied what is called the absorbed charge of a condenser, 
that is, the charge that comes out of a condenser after it has 
been discharged and short-circuited for a while. In this study 
it seemed almost impossible ever to discharge a condenser. This 
is true of the best mica condensers which we used for standards 
at that time. In fact you might say that the condenser acted 
like a continuous, perennial source of energy. 

But the thing that has interested me especially in the work 
of Professor Race is that a supposedly homogeneous substance 
like fused quartz should show this effect. That theory of di- 
electric absorption which has received the most attention and 
which has been regarded by most observers as offering an ex- 
planation for the qualitative phenomena, although perhaps not 
for the quantitative, is the law of stratified dielectric, brought out 
by Maxwell. According to that, it is a necessity with inhomo- 
geneity of the dielectric that absorbed charges appear at the 
surfaces where the layers meet. But according to Professor Race 
a homogeneous substance also shows absorption. Some of the 
earlier investigators claimed that with substances believed to be 
perfectly homogeneous they found no absorption at all. 

One observer, some ten years ago, working with thin layers 
of paraffine, claimed that if precautions were taken to insure the 
exclusion of air films, no absorption was found in this ease also. 
The results obtained by Professor Race on fused quartz, on the 
contrary, although obtained with no chance for the presence 
of air films, show a well defined absorption effect. 

I think this work is very instructive from the standpoint of 
dielectric theory. 

A. S. Dana: [I should like to ask Professor Race whether he 
thinks it is possible that the hard rubber showed the same 
phenomenon as the fused quartz (7. e., the reversal during the first 
short period), but because the period was so short it escaped 
notice. 

H. H. Race: In response to the last question, my object in 
this work was to obtain reliable quantitative data. Because the 
current changed very rapidly immediately after applying or 
removing potential, it was impossible to obtain quantitative 
data during the first minute. It was only in the ease of fused 
quartz that unexpected reversals were observed and the ap- 
paratus changed so as to determine qualitatively at least the 
form of the current curve. In the case of hard rubber no such 
reversals were evident and no accurate data were sought during 
the first minute. 


Interconnection of Power and Railroad Traction 


Systems by Means of Frequency Changers 
BY LUDWIG ENCKE! 


Associate, A. I. E. E. 


Synopsis.—Several types of variable ratio frequency-changers 
are discussed and installations of such apparatus on the electrified 
section of the New York, New Haven & Hartford Railroad are 
described in some detail. 

These types of frequency-changers permit a flexible tie between 
interconnected systems, and accurate and automatic control of load 
regardless of variations in voltage or frequency in either system. 


NUMBER of methods may be employed for 
connecting two power systems of different fre- 
quencies for interchange of power. 

At the present time, a rigid tie by means of a syn- 
chronous motor-generator is common, and is in many 
respects the simplest form of connection. Since this 
rigid connection is wholly dependent upon both fre- 
quencies, it does not allow any regulation of the 
transferred load on the set itself. Furthermore the 
process of synchronizing is somewhat difficult, since 
for this purpose the frequency of one system or the 
other must be changed, and this of course can be done 
only at the power station. Another type of rigid tie 
which has been successfully employed consists (in the 
case for instance of a connection between systems of 
60 and 25 cycle) of an induction machine, having a 
60-cycle stator and a 25-cycle rotor, mounted on the 
same. shaft with a 25-cycle synchronous machine. 
The slip-rings of the 25-cycle rotor of the induction 
machine are connected through a transformer, equipped 
with taps, to the 25-cycle system to which the syn- 
chronous machine is connected. This type of connec- 
tion not only represents a power and frequency tie but 
also a voltage tie between the two systems. 


A flexible connection is desirable in some instances, 
and obviously possesses fundamental advantages over 
any method of rigid tie, in that it permits not only 
merely tying together two power systems for inter- 
change of power, but a close control of load as well. 
This may be of especial value in the supply of power 
for the operation of an electrified steam railroad ex- 
tending over a large territory, from two or more central 
station generating plants located along the right-of-way 
at widely scattered points. In case of a single-phase 
electrified railroad, it may be necessary to change the 
60-cycle power, available in most commercial power 
systems, into 25-cycle power necessary for traction 
purposes, at the same time operating in parallel with 
existing power plants owned by the railroad. By 


1. Assistant Engineer, New York, New Haven & Hartford 
R. R. Co., New Haven, Conn. 

Presented at the Northeastern District No. 1 Meeting of the 
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Any desired constant load transfer in either direction may be 
obtained through the apparatus by manually setting a load regulating 
relay. Provision is made also for operating the sets as synchronous 
condensers to improve power factor. 

The functioning of regulating machines and auxiliary equipment 
to obtain the desired results is explained, together with a description 
of switching equipment installed in connection with the main units. 


means of flexible connections any desired load distri- 
bution among different substations may thus be readily 
obtained, regardless of variations of frequency in any 
of the interconnected systems, all variations being 
absorbed in the machines themselves. Such flexible 
frequency-changer sets are known as “variable ratio” 
machines and usually consist of an induction machine, 
the speed of which is adjustable by means of auxiliary 
apparatus, mounted on a shaft. with a synchronous 
machine. The speed regulating devices for the induc- 
tion machine thus employed were originally designed 
for driving steel mills, ete., when variable speed was 
required. When used in connection with a frequency- 
changer set, the auxiliary apparatus usually consists of a 
three-phase commutator type machine with suitable 
exciting machines. Another method of obtaining the 
advantages of a flexible tie between power systems is 
the application of a rotary converter, (converting the 
alternating current of one frequency into direct current) 
in series with a second rotary converter “inverted,” 
which in turn changes the direct current into alter- 
nating current of the other frequency. This method, 
however, isnot in common use. ~ 

Recently a number of sets of the flexible frequency- 
changer type (motor-generator) has been purchased 
for use in connection with the New York, New Haven 
& Hartford Railroad’s electrified system between 
New York and New Haven. 

At present the single-phase 25-cycle system of the 
New York, New Haven & Hartford Railroad is fed 
mainly from the railroad’s own power plant at Cos Cob, 
Connecticut. Power is supplied also from the Sherman 
Creek plant of the United Electric Light & Power Co. 
at New York. It has been found desirable with in- 
creasing loads to provide energy sources on the eastern 
end of the electric zone and connections have been made 
at New Haven with the 25-cycle system of the Con- 
necticut Co., a subsidiary of the railroad operating the 
local street railway system, and at Devon, Connecticut, 
with the 60-cycle power system of the Connecticut 
Light & Power Co. In both instances, the connections 
are by means of “variable ratio frequency-changer 
sets,’’ which are employed on account of the differences 
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in frequency of the various systems involved, and for the 
ready control of the power. One unit has been installed 
in the power plant of the Connecticut Co. at New Haven 
and two units at Devon in a substation erected im- 
mediately outside the plant of the Connecticut Light 
& Power Co. All the sets are rated nominally at 
5000 kw. A fourth set, a duplicate of the New Haven 
installation, has been installed in the Long Island Rail- 
road’s substation at East New York on the Bay Ridge 
line which has been recently electrified, together with 
the New York Connecting Railroad as an extension 
of the New Haven electrification system and receives 
its power from the New Haven supply. The East 
New York set is used normally as a rotary synchronous 
condenser, but is available for transferring power from 
the three-phase system of the Long Island and Pennsyl- 
vania Railroad to the single-phase system of the New 
Haven or vice versa, as a mutual standby. 

Before describing the above mentioned installations 
in detail, a discussion of the general theory of the speed 
regulation of an induction motor may be of interest. 
The speed of an induction motor is fixed by the fre- 
quency of the power supply and the number of its poles. 
When a load is applied the rotor slips slightly, or loses 
speed. In order to obtain a regulation of the speed, 
resistance may be inserted in the rotor or secondary 
circuit of the motor. The current induced in the 
secondary circuit will thus decrease, and the result is a 
decrease of the torque and a consequent decrease of 
speed. Having reached a certain lesser number of 
revolutions, the current necessary for delivering the 
torque again flowsin the motor’ssecondary on account of 
the increased slip voltage. Thus a certain amount of 
speed regulation of the motor may be obtained by 
inserting resistance in the rotor circuit. A disadvantage 
of this method is its lack of economy, since a part of the 
energy transmitted by the rotating field to the rotor is 
converted in the resistances into heat and is wasted. 
Furthermore, the speed regulation is not constant but 
changes with the torque or load on the motor and of 
course only regulation below synchronism is possible. 
Economical methods of regulation have been found in a 
number of arrangements. The slip energy of the induc- 
tion motor may be transferred to an additional machine 
(the so-called regulating machine), where it may be 
transformed either into mechanical or electrical energy 
depending on the type of machine employed and thus 
utilized. By changing the excitation of the regulating 
machine a variable voltage is produced which, reacting 
upon the slip voltage, brings about the speed regulation 
of the induction motor. 

The diagrams shown in Fig. 1 illustrate the speed 
regulation of an induction motor at speeds below 
synchronism. 

Diagram A is the simplified diagram of an induction 
motor, disregarding reactance and the primary resis- 
tance of the machine. 

E, is the primary voltage applied to the induction 
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motor, producing in it the flux ®; for this purpose the 
magnetizing current I,, is taken from the line or supply. 
E, is the voltage induced in the secondary of the motor 
and I, is.the secondary current. -J, and J, determine 


-the primary current J, taken from the line. 


In diagram B is indicated a counter voltage Exce 
introduced in the secondary of the induction motor. 
If the same torque is to be delivered by the motor, 7. ¢., 
if the same current J, flows through the rotor, the secon- 
dary or slip voltage must be increased to the new value 
of H.’; thus the speed of the motor drops. FH,’ — Erzc 
results in the original secondary voltage FE». 

In diagram C it is seen that the regulating machine 
voltage E,., 1s not displaced by 180 deg. against E., 
but by a certain angle 6. This voltage H,,., may be 
split up into two components. Ex is the effective 
counter voltage; EL’, is the compensating voltage. The 
current I, is almost in phase with the primary voltage; 
thus power at nearly unity power factor is taken from 
the supply. The wattless current necessary for the 
excitation of the induction motor is delivered by the 
regulating machine due to the compensating voltage H.. 

As indicated above, three-phase commutator ma- 


Fie. 1—D1aGRrams ILLUSTRATING THE SPEED REGULATION OF AN 
Inpuction Moror 


chines are used as regulating machines for the frequency- 
changer sets discussed herein. They may be mechani- 
cally coupled or driven separately. If the regulating 
machine is mechanically coupled to the induction 
motor, 7. @., installed on the same shaft or geared to it, 
it operates as a motor, assisting in driving the main 
shaft. A portion of the energy from the stator to the 
rotor of the induction motor is transferred mechanically 
to the main shaft and a portion is transferred electrically 
to the regulating machine, being transformed by the 
regulating machine into mechanical power. Disre- 
garding the losses, the balance diagram is shown in 
Fig. 2. At any speed, a uniform horsepower is trans- 
ferred to the shaft; in other words, the arrangement is a 
constant horsepower drive and the torque increases 
inversely in proportion to the speed. If, on the other 
hand, the regulating machine is mechanically separated 
from the induction motor it may be used to drive a 
separate machine, such as an induction generator. Only 
a part of the energy transferred to the rotor of the main 
induction motor is thus utilized in driving the main 
shaft, the rest being returned to the line through the 
regulating machine and induction generator. Dis- 
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regarding the losses the balance is indicated in diagram 
Fig. 3. This arrangement therefore represents a 
constant torque drive, the horsepower of which increases 
in proportion to the speed. 

Thus far regulation only below synchronism, or 
full-load speed has been discussed. By adding auxiliary 
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apparatus the induction motor may be regulated up to 
and above synchronism. It is, of course, practically 
always desirable in the case of variable ratio frequency 
changers that speed be controlled above as well as 
below synchronism. 

A normal induction motor can reach practically 
synchronous speed only under no-load conditions. Its 
full-load speed lies slightly below synchronous speed. 
When the voltage of the regulating machine is reversed, 
thus raising the slip voltage, the motor speed increases, 
and if this boosting voltage is high enough, the speed 
of the motor may be made to reach, and even pass above, 
synchronous speed. The induction motor thus operates 
as a doubly fed motor, the mechanical output of which 
is the sum of the energy supplied by the line to its stator 
and the energy supplied by the regulating machine to 
its rotor. During operation at exactly synchronous 
speed the slip voltage, and thus the electrical energy 
transmitted by the rotation field to the rotor winding of 
the main motor being zero, the total secondary energy 
is delivered from the regulating machine, the necessary 
excitation of that machine being furnished by the above 
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mentioned additional auxiliary apparatus. Above syn- 
chronism the direction of the slip voltage is reversed as 
compared to that of operation below synchronism. 
The resultant secondary voltage is again as in operation 
below synchronism the difference between the slip 
voltage and the voltage of the regulating machine. The 
secondary current, however, flows in the same direction. 
The relative directions of the voltage for speeds above 
and below synchronism are indicated in Table I, the 
directions for speeds below synchronism having been 
assumed arbitrarily. The tabulation shows clearly that 
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the secondary current, as indicated, always takes the 
same direction, at speeds below synchronism as that of 
the slip voltage, and above synchronism as that of the 
voltage of the regulating machine. 

The speed regulating set in which the regulating 
machine is mechanically connected to the mainfshaft 
also operates at speeds above synchronism as a constant 


TABLE I 
DIRECTION OF VOLTAGE AND CURRENT IN THE MAIN 
INDUCTION MOTOR AND THE REGULATING. MACHINE 
FOR SPEEDS ABOVE AND BELOW SYNCHRONISM 


Between full-load 


Below speed and Above 
synchronism synchronism synchronism 
Machine Voltage | Ourrent | Voltage | Current | Voltage | Current 
Ind. motor 
stators.s-. 5» ¥y yy Y ¥ ¥ ¥ 
Rotors aaa A A A A Y A 
Reg. machine 


commutator . 4 A A A A A 


horsepower drive. The additional power taken by the 
induction motor from the supply line is used to drive 
the regulating machine, which thus operates as a 
generator. 

The arrangement in which the regulating machine is 


3 PHASE , 25 CYCLES, 11000 VOLT. 


Fig. 4—Dracram or Main CoNNECTIONS FOR THE FREQUENCY 
Cuanaer Srrs Instaritep at New Haven anv East New York 


1. synchronous machine 10. a-c. exciter machine 

2. d-c. exciter 11. d-c. exciter 

8. main induction motor 12. load field windings 

4. secondary starting resistances 13. power-factor field winding 
5. reduction gear 14. load field rheostat 

6. polyphase regulating machine 15. power-factor rheostat 

7. neutralizing windings 16. blower motor 

8. tie breaker 17. auxiliary set transformer 

9. synchronous driving motor 18. current limiting resistances 


mechanically separated from the main shaft is also a 
constant torque drive above synchronism. As the 
speed rises, the motor driving the regulating machine 
(i. e., the induction generator now working as motor) 
takes increasing power from the line, which is supplied 
through the regulating machine to the secondary of the 
main induction motor. 
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Fig. 4 shows the wiring diagram of the frequency- 
changer sets installed in the New Haven and East 
New York substations. They consist of a main set 
and an auxiliary set. The main set is made up of a 
three-phase 25-cycle, 11,000-volt synchronous generator 
with d-c. exciter, a three-phase 25-cycle, 11,000-volt 
induction motor, the speed of which is determined by 
the synchronous generator, and the regulating machine 
which regulates the power flow of the set. The ma- 
chines of the auxiliary set are, first a synchronous motor 
used for the drive, second a so-called a-c. exciter ma- 


Fig. 5—VariaBte Ratio FREQUENCY-CHANGER 
Sration ‘A,’ New Haven 
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chine, and third a d-c. exciter, furnishing the excitation 
current for the other two machines. The induction 
motor, the synchronous generator, and the d-c. exciter 
of the main set are of standard design. The regulating 
machine is a rotor excited, neutralized a-c. commutator 
machine, the three-phase wound rotor having slip- 
rings and a commutator asin arotary converter. Since 
the slip-rings carry alternating excitation current only, 
they are relatively small and the commutator segments 
are narrow, a feature of every a-c. commutator. The 
stator has a compensating winding which neutralizes 
the rotor field generated by the load current in the 
rotor, so that the machine can transform electrical 
energy to mechanical energy. The design of this 
machine is limited by the maximum permissible values 
of peripheral commutator speeds, the voltage between 
commutator bars and current densities, a satisfactory 
design thus requires that the kv-a. output per pole be 
somewhat limited, and it was desirable in order to 
obtain the required rating to build the machine at a 
slower speed than the main unit. The regulating 
machine, therefore, is connected to the main shaft 
through a reduction gear with a ratio of two to one and 
thus rotates at half the speed of the main set. 

In order to understand the operation of this machine, 
it may be assumed that the connections from its com- 
mutator brushes to the slip-rings of the main induction 
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motor are cut off, and the slip-rings are connected 
directly to the line. 
: 2 : | 60 v1 

At stand-still a field will rotate with n, = eb rev. 

per min. with regard to the stator and rotor, where 
v; = frequency of the line 
2 = number of poles of the machine. 

In rotating the rotor with revolutions opposite to the 


direction of the field, the resultant speed relative to the 
space will be: 


NM— nN 
p (mi — 0) 
The voltage of the frequency vz = 69) re 
is obtained at the brushes of the commutator, where 


So = slip. 

The effective values of the voltages at the slip-rings 
and at the commutator brushes are practically equal. 
When n; = », direct current appears at the brushes of 
the commutator. Therefore, if the regulating machine 
is given the same ratio of revolutions and number of 
poles as has the main induction motor, and the slip- 
rings are fed with line frequency, the slip frequency 
Vo = S$: Vv; will always appear at the commutator brushes. 
Thus the commutator brushes of the regulating machine 
and the slip-rings of the main induction motor may be 
connected. As the voltages at the slip-rings and at 


Fig. 6—Recunating Macuine AND REDUCTION GEAR OF THE 


Main Macurne Sart at Station “A,’”’ New Haven 


the commutator brushes of the regulating machine 
are about the same, the latter, and thus the speed of 
the main set can be easily controlled by changing the 
voltage applied to the slip-rings of the regulating 
machine. It isa function of the auxiliary set to furnish 
to the slip-rings of the regulating machine this variable 
voltage at line frequency. The continuous delivery of 
line frequency is insured as the auxiliary set is a straight 
synchronous motor-generator, connected to the same 
line as the induction motor. The driving synchronous 
motor as well as the d-c. exciter are of standard design. 

The a-c. exciter machine resembles an induction 
motor. Its field consists of three windings with a phase 
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angle difference of 120 deg., two of which are connected 
in multiple. These windings independent of each other, 
excited by direct current, set up two fields which create 
a resultant field. The field of the two windings con- 
nected in multiple is the load field controlled by the 
load rheostat, whereas the field of the single winding 
is the power-factor field, 90 deg. out of phase with the 
load field, controlled by the power-factor rheostat. 
The load adjustment of the main set is obtained by 
changing the voltage generated in the a-c. exciter which 
is accomplished by varying the load rheostat, while the 
power factor of the main induction motor is adjusted 
by changing the power-factor rheostat which is of a 
potentiometer type. For running above synchronism 
the voltage of the regulating machine must be reversed; 
therefore the load rheostat is a reversing rheostat. 


Fig. 7—Avuxiniary Set at Station “A,’”? New Haven 


Both the load and the power-factor rheostats are motor 
driven. 

The following frequencies appear on the various 
machines and their connections: 


1. From line to stator of induction motor... line frequency 11 
2. Inrotor of induction motor............. slip frequency V 
3. From slip-rings of induction motor to 

commutator of regulating machine.. slip frequency V2 t 
4. From slip-rings of regulating machine 

to slip-rings of a-c. synchronous 

QxCber or. bee ae ee eee ee line frequency V; 
5. From stator synchronous motor to 

Wi6. 6 Pee ee eee line frequency /; ! 


The regulating set works as a constant horsepower 
drive, as all the energy taken from the line is transferred 
into mechanical power on the main shaft, neglecting the 
losses in the machines. 

As outlined above this variable ratio frequency- 
changer set represents an interconnection between two 
25-cycle systems. If, however, the induction motor is 
a 60-cycle machine the excitation for regulation would 
also be 60-cycle. The inherent frequency is then 
higher, a condition which is not desirable with rotor 
excitation on so large a set. Some other arrangement 
is thus necessary. This condition may be taken care 
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of by replacing the rotor excited regulating machine 
by a stator excited type. 

A slightly different means of regulation known as the 
Scherbius system is employed in the installation at 
Devon. The same system may be applied to con- 
nections between two 25-cycle systems or between a 
60-cycle and a 25-cycle system. 

Figs. 8, 9,10 show single-line wiring diagrams for 
various applications, as follows: 


a2scrctes 


Fie. 10 


Fics. 8, 9, 10—Sitneie-Line Wirine Diacrams or Main 
Connections For ScuHersius CoNnTROLLED FREQUENCY 
CHANGER SETs 


synchronous machine 

d-c. exciter 

main induction motor 
regulating (Scherbius) machine 
ohmic drop exciter 

ohmic drop exciter transformer 
bulging transformer 

induction machine 

power transformer 
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Fig. 8. Frequency changer suggested for a 25 cycle 
to 25 cycle tie. 

Fig. 9. Frequency changer suggested for a 60 cycle 
to 25 cycle tie. 

Fig. 10. Frequency changer 60 cycle to 25 cycle as in 
the substation at Devon. 

These three wiring diagrams are perhaps especially 
interesting in their assemblage, in showing the pro- 
gressive simplification. 

Fig. 11 shows the three-line wiring diagram of the 
Devon set. 

The frequency changer arrangement shown in Fig. 8 
consists of a main and an auxiliary set. The latter 
includes the regulating machine and the induction 
machine, which at under synchronous speed operates 
as a generator driven by the regulating machine, 
and returns the slip energy back to the line. During 


3 PHASE, 60 CYCLES, 13900 VOLT 8uS, 


Fig. 11—D1aagram or Main CONNECTIONS FOR THE I’ REQUENCY- 
CHANGER Sets INSTALLED aT DEVON 


1. synchronous machine 9, interpole field windings 
2. d-c. exciter 10. load control field windings 
3, main induction motor 11. power-factor rheostat 
4. secondary starting resistances 12. ohmic drop exciter 
5. contactors 13. ohmic drop exciter transformer 
6. regulating (Scherbius) machine 14. current limiting resistances. 
7. neutralizing windings A & B contactors 
8. power-factor control field 15. movable brushes 
windings 


operation above synchronism, however, the induction 
machine works as a motor and drives the regulating 
machine, which as a generator feeds the secondary of 
the main induction motor. The induction machine is 
of standard design. This set operates at a constant 
torque, while the arrangements shown in Figs. 9, 10, 11 
show a constant horsepower drive, as the regulating 
machine is mounted on the main shaft. 

The synchronous generator, its d-c. exciter, and the 
main induction motor have no unusual features. Com- 
mon to these regulating sets and resembling in ap- 
pearance a d-c. machine is the Scherbius regulating 
machine. Like a d-c. machine, it has main poles and 
interpoles. The excitation, however, is alternating 
current instead of direct current. As the frequency of 
the excitation voltage determines the frequency at the 
commutator brushes which are connected to the slip- 
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rings of the main induction motor, the regulating 
machine must be excited with slip frequency. Further- 
more, the voltage existing at the commutator brushes, 
and thus the speed of the regulating set, is controlled 
by varying the excitation voltage. 

This excitation voltage is furnished from the line 
through a special auxiliary machine known as an 
ohmic drop exciter or frequency changing exciter which 
works as a frequency converter. Its operation re- 
sembles that of the regulating machine previously 
described. The rotor is analogous to the rotor of a 
rotary converter in that it is three-phase wound, and 
has slip-rings as well as a commutator. The stator 
has no field winding, and is merely a laminated steel 
ring to provide a flux path. The slip-rings are con- 
nected through a transformer to the line. Since it is 
mechanically coupled to the main induction motor and 
has the same number of poles, a voltage of slip fre- 
quency exists at its commutator brushes, which is 
employed for the excitation of the regulating machine. 
The commutator carries two sets of brushes which are 
moved by a brush-shifting device, and the regulation 
of the excitation voltage is accomplished by shifting 
these brushes. That is, by moving the brush-shifting 
device in one direction or the other, more or fewer 
commutator bars are included between the brushes, 
and the excitation voltage applied to the regulating 
machine is thus raised or lowered. The brush-shifting 
device provides for operation at under synchronous 
as well as above synchronous speed by reversing the 
excitation voltage. Two contactors A and B are 
provided in the connections between the ohmic drop 
exciter and the regulating machine. During under 
synchronous operation as well as at synchronous speed 
contactor B is closed, connecting the ohmic drop ex- 
citer to the Scherbius machine through its interpoles, 
whereas above synchronous speed the contactor A is 
closed, connecting the ohmic drop exciter directly to 
the Scherbius machine. 

As in the regulating sets of other types, these sets 
also are equipped with apparatus to correct the power 
factor of the main induction motor. As shown in the 
wiring diagram Fig. 11, the so-called power-factor 
rheostat is connected in series with the load control 
field windings of the regulating machine. The degree 
of lag of the exciting current behind the voltage can be 
varied in changing the resistance of these windings by 
means of the rheostat. The regulating machine is 
equipped in addition with separate power-factor control 
windings, which are used when no excitation is supplied 
to the load control field circuit, the first method de- 
scribed for power factor correction being under these 
conditions ineffective. These separate power-factor 
control windings are connected from one set of brushes 
through a second section of the power-factor rheostat 
to a star point. The voltage supplied to the power- 
factor control windings is constant and about in 
quadrature to that of the load control field. As the 
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excitation in the load control windings is increased, the 
effect of the power-factor control windings is reduced. 
Before the application of the automatically controlled 
power-factor rheostat, which is described below, was 
contemplated, an additional apparatus for power factor 
correction known as a “bulging transformer” together 
with a manually operated power-factor rheostat was 
considered. As shown in the wiring diagrams Figs. 8 
and 9, the ohmic drop exciter is fed by its line trans- 
former through the secondary of the bulging trans- 
former, while the stator current of the main induction 
motor (fed from the line) flows through the bulging 
transformer primary. The voltage induced im the 
secondary of the bulging transformer (varying with the 
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phase railroad power are built as three-phase machines, 
having the single-phase rating as shown in Table IIA. 
The stators are all spring mounted, in order to reduce 
vibration due to the single-phase load. These springs 
are installed on both sides of the stators which are thus 
entirely supported by them. Leaf springs are used at 
New Haven and East New York, while at Devon, 
helical springs are employed. 

All installations are equipped with automatic load 
regulators which, when adjusted for any given kw. 
value, provide that during all variations of frequency 
in the interconnected systems, within the allowed limits 
as described below, the transferred kw. load shall 
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load on the induction motor) and the voltage furnished 
by the ohmic drop exciter transformer, are out of phase, 
and when combined obviously create a resultant voltage. 
This resultant voltage applied to the slip-rings of the 
ohmic drop exciter, changes automatically with the 
load. Additional control is accomplished in this cease, 
as Indicated above, by means of 2a manually instead of an 
automatically operated power-factor rheostat. Both 
brush-shifting device and power-factor rheostat are 
motor operated. 

All of the regulating sets discussed above are started 
from the induction motor side of the main set by 
imserting resistances in its secondary. When an 
auxiliary set is used, it is connected to the line at the 
same time or shortly before the main set. After the 
slip-rings are connected to the commutator of the 
regulating machine; thus, the load which is to be trans- 
ferred and the power factor of the main motor may be 
adjusted. Full automatic starting of the sets has been 
provided in all eases. 


remain constant. Two different types of load regula- 
tors are used; in the New Haven and East New York 
substations a rheostatic type is installed, while those 
in the Devon substation are of a polyphase induction 
type. 

The rheostatie type load regulator has as a control 
element two solenoids, one of which carries a current 
and a voltage coil, energized from a current and a 
potential transformer in the single-phase generator 
circuit, and connected in such a way, that its pull is 
proportional to the single-phase kw. load. The 
plunger of this solenoid acts on a lever arrangement, 
which carries a double acting circuit closing contact. 
The second solenoid which is energized through two 
d-c. coils acts on the same lever arrangement to prevent 
hunting. A variable anti-hunting rheostat is also 
connected into the circuit of one d-c. winding. Two 
dash pots stabilize the operation of the control element, 
and the pull of the alternating current aided by coun- 
terweights balances the weight of the core. A variable 
rheostat, a so-called load adjusting rheostat, is con- 
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nected in parallel to the current coil of the a-c. solenoid. 
By means of this rheostat, more or less current can be 
shunted through the a-c. coil, and various values of kw. 
load can be obtained by means of a calibration dial 
which is graduated in terms of kilowatts. The load 
regulator is in equilibrium for a given kw. value depen- 
dent on the position of the load adjusting rheostat. As 
soon as the output of the single-phase machine varies, 
this equilibrium is destroyed and the double acting 
contact mentioned above will close in one or the other 
direction. Tworeversing contactor switches are provided 
and areenergized over the main contact of the control ele- 
ment. Iftheload drops below the value for which thereg- 
ulator is set, the main contact closes, energizing one of 
the reversing contactor switches, which in turn allows the 
current to flow through the armature of the motor 
driving the load rheostat and turning it in the “‘raise”’ 
direction. If the load increases above the value as 
fixed by the setting, the other reversing contactor 
switch is energized resulting in the rotation of the 
rheostat driving motor into the “lower” direction. 
The motor is a shunt motor, the field of which is per- 
manently energized. The reversing contactor switches 
have two additional contacts, which are closed 
when the switches are deenergized. The motor 
and the switches are connected in such a way that the 
armature of the motor is short circuited when the 
additional contacts of both switches are closed. The 
dynamic braking, thus applied to the motor, stops it 
almost instantaneously when the control element’s 
contacts are open, 7.¢., when the regulator is in 
equilibrium. 


SupsTaTion at Devon 


The polyphase induction type load relay asinstalled at 
Devon is similar in its construction to a polyphase 
watthour meter. The relay has two stationary elec- 
tromagnetic elements consisting of a current winding 
and a potential winding with laminated steel magnetic 
circuits. These windings are energized from a current 
and a potential transformer in the three-phase induction 
motor circuit and the two elements react on two disks 
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on a single vertical shaft. They are suspended from a 
torsion wire and operate a double throw circuit closing 
contact. Two permanent magnets are used to damp 
the rotation of the disks. The torsion wire balances 
against the pull of the elements and its tension can be 
manually changed. For this purpose a knob and a 
scale graduated in kilowatts are provided, allowing the 
setting of the relay for each desired kw. value within the 
capacity of the machine set. As soon as the load varies 
from the value for which the relay has been set the 


Fic. 13—Srconpary STARTING PANEL AND RESISTANCES, 
AND Powzr-Facror RHEOSTAT IN THE SUBSTATION AT DEVON 


double throw main contact closes. This energizes by 
means of an instantaneous auxiliary relay the ‘“‘raise’’ 
or “lower” relay, which in turn closes the armature 
circuit of the motor driving the brush-shifting device 
on the ohmic drop exciter in one direction or the other. 
These latter relays have also additional contacts, which 
are closed in order to permit dynamic braking, when 
the relays are deenergized. The armature of the motor, 
(which in this case is a series motor), is short-circuited 
when these contacts of both relays are closed, while the 
series field winding of the motor remains energized 
over an inserted resistance. 

In all the substations, the load regulation of course 
can be performed manually as well as automatically. 
In the case of the New Haven and East New York 
substations a two-position control switch is provided to 
accomplish these two modes of operations, while at 
Devon, a control switch for the manual operation and 
a transfer switch for changing to automatic control are 
installed. The technique of placing the machines 
under the control of the automatic regulators is very 
simple in all the installations. After the generator is 
synchronized with the railroad power system, the 
control switch or the transfer switch is placed in its 
“regulating” position and the load adjusting rheostat 
at New Haven and East New York and the knob of 
the load relay at the Devon substation are adjusted 
slowly until the pointers indicate on the scale the load 
which it is desired to carry. 
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All frequency-changer sets under discussion can of 
course fundamentally transfer power in either direction; 
nevertheless only the sets at New Haven and East 
New York are specifically intended for interchange of 
power, the installation at Devon being arranged to 
transfer power only from the 60-cycle system to the 
25-cycle system. 

The range of the frequency regulation of the sets is 
shown in Table ITA. 

The regulating sets installed at the New Haven and 
East New York substations (Fig. 4) and at Devon 
(Fig. 11) as mentioned above are constant horsepower 
drives. In the design of speed control for steel mill 
motors the decision as between a constant horsepower 
or a constant torque drive is determined by local 
operating conditions. This does not apply to fre- 
quency changers, and either form of drive may be 
applied. Nevertheless the demands of a frequency 
changer are of course more those of merely a constant 
horsepower drive. When the machines are once 
adjusted for a given load the transferred horsepower 
must remain constant independent of frequeney (i. ¢., 
speed variation) in ether or both of the two systems 
connected. It is to be noted that a constant horse- 
power drive, as has been pointed out, involves one 
auxiliary machine less than a constant torque drive. 

Table I contains technical data of interest in connec- 
tion with the various sets discussed. 

Having considered the different types of variable 
ratio frequency changer sets, it may be of interest to 
note briefly the general layout, theswitching equipment, 
the protective devices, and the operating conditions of 
the machine seis installed in the two substations at 
New Haven and at Devon. 

The variableratio frequency-changer set at New 
Haven has been installed as an interconnection between 
the systems of the N. Y¥., N. H. & H. R. R. Co. and of 
the Connecticut Co., in the power plant of the latter 
company at New Haven, Connecticut, which is 
known as Station A. The existing power plant build- 
ing has been extended one bay and the main set is 
installed on the operating floor, with the auxiliary set 
on the main floor below. A mezzanine platform was 
erected on the steel foundation of the main unit, 
between the main and the auniliary sets, for the sec- 
ondary resistances of the main induction motor, the 
load and power-factor rheostats and the tie breaker. 
The switching equipment and the switchboard are 
built as extensions to the existing equipment of the 
Connecticut Co. and conform as far as possible to 
existing conditions. All operations for starting and 
operation of the set are controlled from the switch- 
board. The mai induction motor is designed for 
forced ventilation by means of a motor-driven fan. 
The bearings of the main set are water-cooled and self 


Fig. 14 shows a wiring diagram of the machine set 
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used. The automatic protection of the set includes the 
protection of the various machine units and the means to 
duction motor as well as the generator is equipped with 
differential relays to protect against internal faults. 
For the protection of the synchronous generator against 
excessive overload, especially when operating as a 
eondenser, the voltage regulator is provided with a 
device for limiting the field current. The auxiliary 
set together with the blower motor is fed through fuses 
from the 440-volt auxiliary busses of the power plant. 
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such a way that tripping the latter trips the tie breaker 
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automatically. An interlock between the breaker of 
the auxiliary set and the main induction motor breaker 
insures that when one trips the other one is tripped 
automatically. The load and the power-factor rheo- 
stats being in proper positions, the closing of the control 
switch of the main induction motor breaker opens the 
starting sequence. The secondary resistances of the 
main motor are short-circuited step by step, as con- 
trolled by accelerating relays, which allow the short- 
circuiting of the next resistance step only after the 
primary current is lowered sufficiently. At the same 
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railroad supply. The blower motor is a squirrel- 
cage motor, which is started with full voltage and 
speeds up to its constant speed. The set is now ready 
to supply power from one system to the other. 

Typical for every single-phase railroad load are the 
heavy and sudden swings of the load in kilowatts as 
well as the reactive kv-a. load. Nevertheless, in putting 
the machine under the control of the automatic load 
regulator, a given kw. load representing a base can be 
accurately maintained, while the swings are taken 
up by another source of supply. Any desired load 
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time, the auxiliary set and the blower motor start. 
Full voltage is applied to the stator of the synchronous 
driving motor of the auxiliary set (which is provided with 
a damper winding), and its field is short-circuited over 
the field discharge resistance. After reaching full speed 
and after building up the voltage of the d-c. exciter 
of the auxiliary set, the discharge circuit is opened 
and the field is connected to the d-c. exciter machine, 
and the tie breaker closes. The speed regulation can 
now be applied by manipulating the load-field rheostat, 
facilitating the synchronizing of the generator with the 


within the capacity of the machine can thus be adjusted. 
Fig. 15 shows such a kw. curve; in this instance the 
automatic load regulator was adjusted for a value of 
5000 kw., and it is of interest to note how the load was 
kept constant within comparatively narrow limits, 
in spite of the widely varying system load. 

As previously mentioned the sets at New Haven and 
East New York have been arranged for power flow in 
both directions. Fig. 16 shows such an operation. 

The sets at New Haven and at Devon as well as that 
at East New Yorkare operated part of the time as motor- 
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generators and part as synchronous condensers. It is 
obvious that when running as a synchronous condenser, 
a constant wattless output cannot be sustained if the 
voltage is toremain constant. The wattless output of 


lagging current or-in other words the wattless input 
of leading current is carried by the machine as may 
be necessary ; that is, the machine performs the function 
of keeping up the line voltage by putting out wattless 
current to take care of the watiless load. During such 
a period, the power plant at Cos Cob, of course, shows a 
improvement. But as soon as the 
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which, as soon as the machine is overloaded, reduces the 
voltage and in doing so thé wattless current carried. 
Safe operation as a rotary condenser without this 
current-limiting device would be difficult. Figs. 17A 
and B show the operation of the machine at New Haven 
as a synchronous condenser under normal conditions. 
A represents the amperes carried and B the voltage. 
Figs. 184 and B represent also synchronous condenser 
operation but under unusually severe load conditions. 
The ampere curve is of interest on account of showing 
the highly swinging wattless load; the influence of the 
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“moving” wattless load is in the vicinity of Cos Cob, 
the wattless current is furnished from there, and the 
synchronous condenser at New Haven thus runs more 
or less idle. Obviously, it would be impossible to keep 
constant the reactive kv-a. load of the synchronous 
condenser, since the voltage regulator is set for main- 
taining voltage at a desired value and tends to keep 
this voltage constant by varying the excitation of 
the machine; that is, for carrying varying reactive ky-a. 
load. It is for this reason, as above stated, that the 
regulator is equipped with a current-limiting device, 


5 = voltage at terminals 


current-limiting device can be recognized very clearly 
in the voltage curve. 

At Devon, Connecticut, where is located the 
interconnection between the systems of the N. Y. 
N. H. & H. R. R. Co. and of the Connecticut Light & 
Power Co., a substation building was erected outside 
the power plant for housing the frequency-changer sets 
and their associated equipment. The two machine 
sets are installed on the main floor, and the auxiliary 
equipment, such as secondary starting panels and 
resistances for the main induction motors, the various 
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rheostats, and the transformers for the ohmic drop 
exciters, in the basement. A special room is provided 
for the switchboard. Outside of the building on one side 
are the 60-cycle busses, transformers, oil circuit breakers, 
and the incoming feeders, while on the opposite side 
are located the 25-cycle busses, transformers, and out- 
going feeders to the railroad system. The substation is 
operated by the Connecticut Light & Power Company. 

All machines are self ventilated. The single-phase 
generators, as above stated, may be operated as 
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which operates to open the main breakers, thus shutting 
down the whole set.. The synchronous generators are 
protected against excessive overload by a current 
limiting relay connected to the voltage regulators. 
Before starting, the power-factor rheostat is in its 
“all in” position and the brushes of the ohmic drop 
exciter in their neutral position, having been brought 
to these positions automatically when the set was shut 
down. 

These sets are started automatically by simply closing 
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a = current 


synchronous condensers. The bearings are water- 
cooled and self lubricating during running; during 
starting, however, an oil pump supplies oil under 
pressure to lift the rotating element from the bearings 
in order to reduce the break-away torque. 

Fig. 19 shows the wiring diagram indicating the 
instruments and protective devices used. Here, too, 
the main machines are protected by differential relays 
against internal faults. In addition the induction 
motor circuits are equipped with overload relays. 
The ohmic drop exciters also have overload protection, 


6 = voltage at terminals 


the main induction motor circuit breaker. The secon- 
dary resistances of the induction motor are short 
circuited step by step, as controlled by timing relays, 
which allow the short-circuiting of the next resistance 
step only after a certain given time, the steps in this 
instance not being a function of current. The final 
connection between the slip-rings of the main induction 
motor and the commutator brushes of the regulating 
machine is performed by contactors as the last step of 
the starting sequence. 

Normally one set only is operated either as a tie or as 


a symehromous condenser, the other ome being held 2s 2 
Spare wmii except im emergency. Fig. 20 shows 2 kw. 
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automaiie lead regulnior. This curve & of mierest 
im compamson with Fig. 21. which shows the typical 
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Variation of the kw. outpat of the power station at 
Cos Cob to the eastern part of the me 39 Figs. 224 and 
B show the ampere and the voltage carves, whem operat 
img 2s 2 synchronous comdemser. Assizied previousy, 
the automatic loed regulsior m ihe cove of the New 
Hoeven = §s comtrofied by the smgie_phase output of the 
synchronous gemerstor, wheress the automatic load 
regulator of the Devon st is Imseried @ the three 
phase creat of the mam induction motor. 

All frequeney-changer sets are equipped with ania 
maiie reactive ky-2. reguiaiors for the mam induction 
motos. They are seeder m construction and operziion 
te the lead resulsiors already deseribed 3=The regule- 
tor installed m the New Haven substation mainiaims 2 
power factor of approximciely 100 per cent under all 
head and frequemey comdstions, and does mot allow any 
adjustment. The automatic kya reeuizior at Devon, 
however, maimiaims 2 comsiani reactive kyv-a2 value of 
the induction motor, which con be adjusiad to any 
value in such 2 way thai for every load setiimg 2 powee 
factor up to 90 per cent or even to 100 per cent may be 
reached. These automatic kya reguiciors are dear- 
able to increase the ae=plictty of operation, inesmsuch 
2s im the comse of mammtaimmeg 2 comsiant predeie- 
mumed lead om the sets, regardless of frequency variz- 
tioms im the intercommected systems, the power facior 
of the main motors may be affected. 

One fezture of imterest common to the installations 


exeut breakers. Im the event of 2 faalt of ground 
the radiruad system, these resistamees are automatically 


whole substation is separate’ from the railroad Ime 
after 2 predetermined time by the opening of the mam 
erent breakers. 

The metalietions 2t Devon and New Haven were 
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a = current 6 = voltage at terminals 


made under the general direction of Sidney Withington, Gibbs & Hill, New York, acted as consulting engineers 
Electrical Engineer of the New York, New Haven & for all the installations. 

Hartford Railroad, H. F. Brown, Asst. Electrical 

Engineer, and the writer. That at East New York J js 

was under the general direction of L. 8. Wells, Electrical Discussion 

Superintendent of the Long Island Railroad. Messrs. For discussion of this paper see page 1079. 
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Application of Large Frequency Converters 


to Power Systems 
BY E. J. BURNHAM: 


APPLICATION OF LARGE FREQUENCY CONVERTERS 
TO PoWER SYSTEMS 
N selecting a frequency converter, there are many 
| things which should receive special study and 

consideration in order that the equipment obtained 
will meet the necessary requirements in the best possible 
way. 

The purpose of this paper is to discuss frequency 
converter sets and their use as a means of connecting 
systems of different frequency. 

Systems of different frequency are connected to- 
gether for the same reasons that systems of the same 
frequency are connected; namely, to save capital 
investment in generating equipment, and improve 
service to customers. By interconnection, the generat- 
ing capacity of one system is made available for another, 
which may mean a large total saving and furthermore 
provides another source of power supply which may be 
of great value in emergencies when stations or trans- 
mission lines are out of service. 

A somewhat different application is the use of fre- 
quency converter sets to connect power systems with 
railway and industrial systems, where the frequency 
of the power required by the railway or industrial load 
is different from the power system frequency. 

The different points to be considered in choosing 
a frequency converter are considerably interwoven, 
so at best a compromise selection may be necessary. 
The type of set to be used should, without doubt, be 
determined largely by the particular characteristics 
and the operating requirements of thetwo systems to be 
interconnected. However, there are other points 
which may require special consideration, such as design, 
efficiency, operation, maintenance, and cost. 


TYPES OF FREQUENCY CONVERTERS 

The following types of frequency converters will be 
considered: 

1. Synchronous-synchronous type, consisting of 
a synchronous motor direct-connected to a synchronous 
generator. 

2. Induction-synchronous type, consisting of an 
ordinary induction motor direct-connected to a syn- 
chronous generator. 

3. Adjustable-ratio induction-synchronous type, 
consisting of a wound rotor induction motor direct- 
connected to a synchronous generator, the induction 
motor having suitable control equipment to give a 
variable frequency ratio between the two systems to be 
connected together. 

1. Central Station Engg. Dept., General -Electrie Co., 
Schenectady, N. Y- 

Presented at the Northeastern District, No. 1, Meeting of the 
A. I. E. E., New Haven, Conn., May 9-12, 1928. 


4. Fixed-ratio induction-synchronous type, con- 
sisting of an induction frequency converter direct- 
connected to a synchronous generator. The rotor of 
the induction motor is connected electrically to the 
stator of the synchronous unit, thereby allowing 
electrical, as well as mechanical transfer of power 
through the set. 


SYNCHRONOUS-SYNCHRONOUS TYPE 
jith the synchronous-synchronous type of fre- 
quency converter, both units necessarily operate in 
synchronism, forming a rigid frequency tie between 
the two systems connected together. Therefore, with 
this type of set, the ratio between the frequencies of 
the two systems must normally remain constant. 

In the past, the majority of frequency converter 
sets used have been of the synchronous-synchronous 
type because such sets are adaptable to simplicity of 
design and operation and may have low costs, high 
efficiency, and ability to correct power factor. Sets of 
this type can be sturdy and simple in design and have 
a minimum number of auxiliary parts. This results in 
minimum attention and low maintenance costs, which 
are important points. 

The power factor of either machine may be conve- 
niently adjusted by field control. Furthermore, if the 
set is not being used as a tie, either machine may be 
used as a synchronous condenser. 

The load transferred through this type of set must be 
controlled by governor adjustments on the prime 
movers of either or both interconnected systems. | 
Usually, this introduces no great hardship in operation, 
but in some cases it is a very inconvenient way of 
holding load on the frequency converters, particularly 
if the principal generating units of the interconnected 
systems are controlled by other companies. 

In case it is desirable to synchronize the two systems 
at a frequency converter station, the governors of 
the prime movers must be adjusted until synchronizing 
can be accomplished. This again may be inconvenient, 
as it usually means telephoning to some distant gen- 
erating station. 

In using a frequency converter set of the synchro- 
nous-synchronous type, the capacity of the set may be 
determined by the size of the set that will reasonably 
hold the two systems together, rather than by the size 
of set required to transfer the amount of power desired. 
This would be a hardship in case it should be desired 
to transfer a small amount of power between two large 
systems of different frequencies. 

Although normally the ratio of the frequencies at - 
each end of a synchronous-synchronous set must 
remain constant, nevertheless there may be fluctuations 
in frequency or frequency ratio. Fluctuation in 
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frequency on either or both systems causes load varia- 
tion on the set and if the fluctuations in frequencies 
are severe enough, the set will pull out of step. Syn- 
chronous machines of this class are normally designed 
for 50 per cent momentary overload before the pull-out 
point is reached. In special cases, frequency converter 
sets may be designed for greater momentary overloads 
reaching values as high as 200 per cent. This means 
that momentary fluctuations in frequency or frequency 
ratio may occur and a set still maintain synchronous 
operation, provided load changes do not load the set 
above the pull-out point. 

Excitation for the fields of the synchronous machines 
may be provided by two direct-connected exciters, one 
mounted on each end of the set, each arranged to excite 
the field of one synchronous unit. This gives a very 
flexible and dependable method of excitation. Some- 
times the excitation for both main units is obtained 
from one direct-connected, or one motor-driven exciter. 


Fic. 1—20,000-Kw., 300 Rev. per Min. Syncuronovs-Syn- 
CHRONOUS FREQUENCY CONVERTER 


With this arrangement, individual field control is 
obtained by the use of rheostats in the field circuit of 
the main units. The use of such rheostats introduces 
rheostat losses, and furthermore, the use of a common 
excitation scheme has the disadvantage that any excita- 
tion trouble involves the excitation of both units. 
Motor-operated, phase-shifting devices may be 
furnished on frequency converter sets when the sets 
are to operate in parallel. Such a device mounted on 
one of the machines of each set permits control of load 
division between sets and enables the operator to add, 
or remove, a set from the line without any sudden 
jolt to the system. The phase shifting is accomplished 
by mounting the stator of one of the machines of the 
set in a cradle in such a manner that the stator may be 
physically rotated with respect to the stator of the other 


“unit. 


Fig. 1 shows a 20,000-kw. 300-rev. per min. synchro- 
nous-synchronous frequency converter recently placed 
in operation at Providence, Rhode Island, to connect 
the New England Power Co. 60-cycle system with the 
United Electric Railway 25-cycle system. The 60- 
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cycle machine is rated three-phase 11,000 volts unity 
power factor and the 25-cycle machine is rated single- 
phase 11,000 volts unity power factor. The tested 
over-all efficiency of the set is 96.26 per cent. 


INDUCTION-SYNCHRONOUS TYPE 


Sets of the induction-synchronous type consist of an 
induction motor driving a synchronous generator and 
are very similar in normal operation to the synchronous- 
synchronous type of set, except that the frequency ratio 
varies slightly with load on the set, due to the slip 
of the induction motor. The induction motor may be 
either of the squirrel-cage or the wound-rotor type. 
The load on one of these sets is controlled in the same 
manner as the load on a synchronous-synchronous 
type of set, namely, by adjustment on the governors 
of the prime movers of either or both systems inter- 
connected. When load on the set is changed, the ratio 
of frequencies on the two systems is necessarily changed 
at the same time, which is an undesirable factor in 
some cases. The straight induction motor, of course, 
lacks in itself the ability to correct power factor, and 
therefore cannot furnish leading current, or be utilized 
as a synchronous condenser when the set is not in use 
as a tie. 


Division of load between two sets operating in 
multiple cannot be accomplished by a stator phase 
shifting device, because two induction synchronous 
sets operating in multiple will divide load according to 
their speed regulation, and not in accordance with 
difference in phase position. A change in phase 
position will not change the speed; therefore the load 
will remain the same. 


ADJUSTABLE-RATIO INDUCTION-SYNCHRONOUS TYPE 

By means of frequency-converter sets of this type, 
flexible frequency ties are formed between the systems 
connected together. The two main units consist of a 
synchronous machine direct-connected to a wound- 
rotor type induction machine. These two units are 
not required to operate in synchronism, as was the 
case with the synchronous-synchronous type. By 
means of auxiliary equipment, the direction and amount ° 
of power transferred through the set is controlled while 
the frequencies, or frequency ratio, of the two systems 
may vary within the limits for which the apparatus is 
designed. 

The outstanding features of this type of set are as 
follows: 

1. Theratio of the two system frequencies may vary. 

2. Direction and amount of load transferred through 
the set may be controlled at the set itself. 

3. The speed of the set may be controlled for syn- 
chronizing purposes. 

4. The capacity of the set is determined only by the 
amount of power to be transferred through the set, as 
it is not necessary to furnish synchronizing power to 
hold the two systems together. 
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5. Leading current for power-factor correction 
may be furnished by the set to either system. 

6. System disturbances will not pull the set out of 
atep as easily as a set of the synchronous-synchronous 
type. 

The synchronous unit of the set is of standard con- 
struction, such as used in the ordinary synchronous- 
synchronous frequency-converter set. The induction 
unit is of standard three-phase construction with 
phase-wound rotor, the selection of the secondary 
voltage being suitable for operation with auxiliary 
equipment to be deseribed later. 

Power may be transferred through the set in either 
direction by speed control of the induction unit which 
tends to make the machine operate above or below 
synchronism. Due to the fact that the speed of the 
set actually follows the speed of the synchronous unit, 
any tendency to increase the speed of the induction 
unit causes flow of power from the induction to the 
synchronous end and any tendency to decrease the 
speed of the induction unit causes flow of power from 
the synchronous to the induction end. The control 
of power flow in this manner is very similar to the 
control of a prime mover direct connected to a genera- 
tor, where output is governed by speed control. 

Several methods? have been developed for operating 
induction machines above and below synchronism, 
one of the principal applications being in steel mill 
work. The schemes so developed are available for 
controlling induction machines of adjustable-ratio 
frequency converters. 

All of the schemes referred to are based upon the 
fundamental principle that the speed of an induction 
motor may be controlled by controlling its secondary 
voltage. In the ordinary induction motor, the speed 
is controlled by adjusting the secondary resistance, 
increased resistance having the effect of increasing the 
voltage drop in the resistors and opposing the flow of 
secondary current. ‘The slip of the induction machine 
must always be such as to generate voltage sufficient 
to force through the impedance of the secondary circuit, 
the amount of current necessary to develop the required 
torque. If external resistors are used in the rotor 
circuit to control the speed, the secondary voltage across 
the resistors is always at slip frequency. 

The resistance method of controlling speed of in- 
duction motors is not entirely suitable for use in con- 
trolling the induction machine of an adjustable-ratio 
frequency converter, because by this method, only 
speed control below synchronism is obtained for motor 
operation and only above synchronism for generator 
operation. Furthermore, this method permits un- 
desirable rheostat losses. In order to have speed 


2. Theory of Speed and Power Factor Control of Large Induction 
Motors by Neutralized Polyphase A-C. Commutator Machines, by 
J. I. Hull, A. I, BE. E. Trans., 1920, Vol. 39, p. 1135. 

“Three-phase Speed Regulating Sets with Separate Excita- 
tation,” #. 7. Z., 47, p. 989, Aug. 26, 1926. 
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control of the induction machine above, below, and at 
synchronous speeds for a definite direction of power 
flow, some scheme such as used for control of steel 
mill motors is necessary. 

In these schemes, the resistor is replaced by a regu- 
lating machine, which inserts a voltage of slip frequency 
in the rotor circuit of the induction unit. When this 
regulating machine operates as a motor, power is taken 
from the induction motor rotor, just as would be the 
case if a resistor were used, but with less loss. When 
the regulating machine operates as a generator, it 
corresponds to a negative resistance placed in the 
induction motor rotor circuit, furnishing power to the 
induction motor rotor, and giving speed control above 
synchronism. 

In order to present a better idea of just how one of 
these regulating machines may be applied to an ad- 


Fig. 2—6000-Kw. ApsusTABLE-Ratio INDUCTION-SYNCHRON- 
ous FREQUENCY CONVERTER 


Regulating set is shown in foreground—Installation is in Rochester 
substation 


justable ratio frequency converter, some of the details 
of the Scherbius type sets will be mentioned. 

Seven adjustable ratio frequency converters of the 
Scherbius-controlled type are now in operation. Five 
of these sets are rated 6000 kw., and two are rated 
5000 kw. 

Two of the 6000-kw. sets were installed in 1924, at 
Rochester, N. Y., where they connect the Niagara, 
Lockport & Ontario Power 25-cycle system with the 
Rochester Gas & Electric Company 60-cycle system, 
(see Fig. 2). Two additional 6000-kw. sets were in- 
stalled in 1925 at Altmar, N. Y., where they connect the 
25-cycle system of the Niagara, Lockport & Ontario 
Power Company with the 60-cycle systems of the 
Northern New York Utilities and Mohawk-Hudson. 
The other 6000-kw. set was installed at Faleoner, N. Y., 
to form a connection between the Niagara, Lockport, 
& Ontario Power Company 25-cycle system and the 
60-cycle systems of Western Pennsylvania. The two 
5000-kw. Scherbius-controlled sets were recently in- 


stalled at Devon, Conn., where they form a connection 
3 between the Connecticut Light & Power Company’s 
_ 60-cycle system, and the New York, New Haven & 
se of de ockes none 

_A wiring diagram of the Rochester 6000-kw. Scher- 
_ set, is shown in Fig. 3. The equipment includes a 
_ main set, a regulating set, and auxiliary equipment. 
_ The main set consists of a 10-pole 7500-kv-a. three- 
__ phase 60-cycle 720-rev. per min. 11,000-volt, 80 per cent 
power factor synchronous unit, a 4-pole 8500-hp., 


PE 
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_ three-phase 25-cycle 11,000-volt, unity power factor 
_ induction machine, a 50-kw. 125-volt d-c. exciter, and 
a 7.5 ky-a. 25-volt a-c. exciter. The regulating set 
consists of a 475-hp. three-phase 25-cycle squirrel-cage 
induction motor, direct connected to a 300-ky-a 
regulating machine which is a three-phase commutator 
type unit. . 

REGULATING MACHINE 

The requirement of the regulating machine is to 
supply a voltage to the collector rings of the main 
induction unit, this voltage being at slip frequency and 
having a magnitude and phase angle controllable by 


is similar to that ofa d-c. motor. Three sets of brushes 
_ on the commutator furnish the required three-phase 


on the stator which has the same effective number of 
turns as the rotor winding. In this way, the armature 
reaction is neutralized, the turns of the rotor and stator 
being opposed and balanced. 

Due to the fact that it is sometimes considered 
difficult to obtain good commutation on a2-c. commuta- 
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whatever frequency is used in its excitation, voltage of 
that same frequency will appear at the armature 
terminals. Therefore for this application, it is neces- 
sary to furnish the regulating machine with excitation at 
slip frequency. Furthermore, means must be furnished 
for controlling the magnitude and phase angle of the 
excitation in order that the magnitude and phase angle 
of the armature voltage may be controlled. This 
required excitation is obtained from the ac. exciter 
mounted on the shaft of the main set, as shown im 
Fig. 2. 
Ac. Excirer 

Fig. 4 shows 2 dose-up view of the 2c excite. 
The rotor of this unit has both collector rings and a 
commutator, and is similar in construction to the roter 
of 2 rotary converter. Power is taken from the com- 
mutator through three sets of brushes spaced 120 
electrical degrees apart. Means is provided for shifting 
the brushes, 2s will be described later. The stator 
punchings have neither slots nor windings, but providea 
path for the revolving fiux set up by the three-phase 
rotor eurrent. The a. exciter is really 2 frequency- 
changing exciter, 2s it receives power at line frequency 
and converts it to slip frequency. 

The energy taken from the commutator of the 2«. 
exciter is always at slip frequency for the following 
reasons: The 2-c. exciter has the same number of poles 
as the main induction unit and is connected on the 
shaft of the main frequency converter. The oollector 
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rings on the a-c. exciter are connected to the same source 
of power as the stator of the main induction machine. 
The voltage supplied to the slip rings creates 2 magnetic 
field, which revolves at synchronous speed with respect 
to the ac. exciter rotor. The direction of rotation of 
this magnetic field is opposite to the mechamecal rotation 
of theexciter. The frequency of the voltage tzken from 
the commutator is, therefore, determined by the apeed 
of rotation of the magnetic field im space, and thusiz 
always at slip frequency. 

With the main motor running at exactly synchronous 
speed, the field of the a-c. exciter is stationary m space 
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and direct current is taken from its commutator. 
Under this condition, the regulating machine furnishes 
direct current to the induction unit secondary, as 
required for the operation of the latter at synchronous 
speed. With the induction machine running above or 
below synchronous speed, the magnetic field revolves in 
space at a speed that is the difference between the 
speed with respect to the exciter rotor and the me- 
chanical speed; that is, at the speed of slip. Therefore, 
the voltage on the commutator of the a-c. exciter 
and on the commutator of the regulating machine 
is always of the same frequency as the secondary 
voltage of the main induction unit. 


CONTROL OF REGULATING MACHINE VOLTAGE 


Means of controlling the magnitude and phase angle 
of the voltage taken from the commutator of theregulat- 
ing machine will next be discussed: 

By reference to diagram of connections shown in 
Fig. 3, it will be noted that the regulating machine has 
two fields, one, the load field, and the other, the power 
factor field. Both of these fields are connected to 
brushes on the a-c. exciter commutator. 

The load field of the regulating machine is connected 
to two sets of brushes on the a-c. exciter commutator, as 
shown in Fig. 3. By shifting these two sets of brushes 
in opposite directions, the brushes are permitted to 
span a greater or less number of commutator bars, 
thereby furnishing the means of obtaining variable 
voltage for exciting the load field of the regulating 
machine. This brush-shifting mechanism is motor- 
operated, so the brushes may be shifted either auto- 
matically, or by the operator. The movement of the 
brush-shifting on this exciter not only shifts the 
brushes to include more or less commutator bars but 
the two brush yokes are shifted in such a manner 
that the axis of the brushes is shifted. 

The shift of axis changes the phase angle of the 
a-c. exciter commutator voltage. This compensates 
for the phase angle shift in the regulating machine 
load field excitation voltage which varies with change 
in slip frequency. This compensation is necessary 
in order that the phase angle of the voltage taken from 
the commutator of the regulating machine will not vary 
with change of excitation on its load field. 

Power factor correction is furnished by the main 
induction machine supplying a quadrature component 
of voltage in its secondary circuit. This quadrature 
component is obtained from the armature of the 
regulating machine by exciting its power factor 
field from a third set of brushes located on the commuta- 
tor of the a-c. exciter. See Fig. 3. This third set of 
brushes is stationary. The amount of excitation sup- 
plied to the power factor field is controlled by adjust- 
ment of the rheostat connected in the circuit. The 
power factor field of the regulating machine is con- 
nected Y. Due to the fact that voltage exists at all 
times across the stationary brushes on the commuta- 
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tor of the a-c. exciter, the power factor may be corrected 
or adjusted at a time when the main induction machine 
is operating at its natural slip, that is when zero 
voltage is impressed across the load field of the regu- 
lating machine. 

By use of a series or so-called “bulging transformer,” 
as shown in Fig. 3, automatic power-factor correction 
is obtained to compensate for the change in wattless 
kilovolt amperes that would ordinarily occur on the 
induction machine with change in load. The primary 
of this series transformer is connected in the primary 
circuit of the main induction machine and the secondary 
is connected in the a-c. exciter power supply circuit. 
This secondary winding introduces a voltage in the 
a-c. exciter circuit which varies with load on the main 
induction machine and is out of phase with the voltage 
obtained from the power supply. 


OPERATING CHARACTERISTICS 


When the speed of the synchronous machine corre- 
sponds to the natural slip of the induction machine 
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at the required torque, no voltage is required from the 
regulating machine. If the speed corresponds to any 
other than the natural slip, output is required from 
the regulating machine, as shown by Fig. 5. This 
figure shows the output of the regulating machine for 
different combinations of slip on the induction machine 
and unity power-factor load on the main induction 
unit. The ordinates are calibrated in two different 
ways, the scale at the right indicating the slip 
of the main induction machine, and the scale at the 
left indicating the 25-cycle system frequency, under the 
condition that the 60-cycle system frequency is con- 
stant at 60 cycles. Line C D shows the natural slip of 
the induction machine when operating non-regulating, 
7. €., with zero voltage across the main induction motor 
collector rings. Limits of load and slip are given by 
line A B, which shows full output of the regulating 
machine operating as a motor. Line E F shows limits 
of operation when the regulating machine is operating 
full output as a generator. Lines drawn vertically on 
the chart indicate operation with constant kw. load 
transfer through the main set. Points on any such 
vertical line show how output on the regulating machine 
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varies with change in slip, while kw. load on the main 
set is held constant. Lines drawn horizontally indicate 
operation with constant slip. Points on any such 
horizontal line show how output on the regulating 
machine varies with change in load on main set, while 
the relative frequencies on the two systems are held 
constant. 

When the regulating machine is operating as a motor, 
the secondary power that would be lost in the resistor 
method, is transferred through the regulating set back 
into the line. When the regulating machine is operat- 
ing as a generator, power is taken from the machine 
lines and transferred through the regulating set to the 
rotor of the induction machine. 


LOAD CONTROL 

Load on the 6000-kw. adjustable-ratio frequency 
converter described may be held either by hand, or 
automatically. When under hand control, the operator 
changes load on the set by making use of a control 
switch on the switchboard panel. This control switch 
is connected to the small motor, which shifts the brushes 
on the a-c. exciter commutator. For automatic load 


Fie, 6—Avtromatic Conrrot Panrey ror a 6000-Kw. Apsust- 
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control, a load relay is provided, which may be set to 
hold:any load desired within the operating range. The 
load setting is changed by turning a small dial on the 
face of the relay. | 

The relay has a wattmeter element and a floating 
contact, which moves between two stationary contacts. 
If the frequency ratio changes to increase the load on 
the set above the relay setting, the relay contacts will 
close, and automatically shift the brushes on the a-c. 
exciter and bring the load back to the desired value. If 
the frequency changes to reduce the load on the set, the 
relay contacts close in the opposite direction, causing the 
a-c. exciter brushes to shift to bring the load back to 
normal again. 

STARTING 

_ Control equipment is furnished which permits auto- 
matic starting of the set from the 25-cycle end. The 
operator starts the sequence of operation by merely 
pulling a control switch located on the switchboard. 
Fig. 6 shows the starting panel, with the contactors 
and relays furnished with one of the Rochester sets. 
The regulating set and then the main set is auto- 
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matically brought up to speed. The main induction 
motor is started with the primary winding connected Y 
and is later changed over to delta connection. Resis- 
tors for starting purposes are automatically connected 
in the main induction motor secondary circuit, and are 
later cut out, a step at a time. To reduce the inrush 
of current to the induction machine and also to reduce 
the induced secondary voltage at starting, resistors are 
inserted in the primary circuit, momentarily. After 
both sets are up to speed, contactors connect the 
armature of the regulating machine to the rotor of the 
induction machine. By use of a control switch on the 
switchboard, the operator can then shift the brushes on 
the a-c. exciter, to change the speed of the set as re- 
quired for synchronizing the 60-cycle generator with the 
60-cycle system. After the synchronizing has been 
accomplished, load is transferred through the set in 
either direction, as desired, by either hand-control or 
automatic-load-control. 


PROTECTIVE FEATURES 


Protective features are provided against a-c. under- 
voltage,over-speed, over-load, and excessive bearing tem- 
perature, and insure that the a-c. exciter commutator 
brushes are in the neutral position before starting. 

The other 6000-kw. frequency-converter sets are 
very similar to the Rochester 6000-kw. set which has 
been described in considerable detail. The principal 
differences in the Altmar and Falconer 6000-kw. sets 
are their increased frequency range, and the provision 
for increased power-factor correction in the 25-cycle 
equipment. In the latter two sets the frequency range 
was increased 18 per cent, and the power factor of the 
main induction machine changed from unity to 95 per 
cent leading. In order to take care of this, the capacity 
of the regulating equipment was increased, the regu- 
lating machine itself being increased in capacity from 
300 to 520 kilovolt amperes. With this arrangement, the 
25-cycle induction machine can furnish leading current 
corresponding to approximately 2000 reactive kv-a. to 
the 25-cycle system over its entire load and frequency 
range. 

The Devon 5000-kw. sets are different in several 
details from the-6000-kw. sets described. Ordinarily, 
it would be better to have the induction machine on 
the low-frequency end of the set, but in this case, a 
single-phase, 25-cycle machine was required, so it 
was necessary to place the induction machine on the 
60-cycle end of the set. Also, in this case, the regulat- 
ing machine is connected to the shaft of the main 
set, which makes an economical arrangement. Further- 
more, on this unit provision is made for automatic 
power-factor control, as well as automatic load control, 
so the bulging transformers were omitted. Further 
simplification was made in the Devon sets by omitting 
the third set of stationary brushes on the commutator - 
of the a-c. exciter, and exciting the power factor field 
of the regulating machine from one of the sets of 
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movable brushes. Also, in this case, no resistor was 
furnished in the primary circuit of the main induction 
machine, because of the lower induced secondary 
voltage in this unit. 

The regulating machines furnished with the 5000-kw. 
Devon sets have a capacity of 500-ky-a. which is almost 
as much as the capacity of the regulating machine 
furnished with the 6000-kw. Altmar sets. However, 
the Devon regulating equipment is not used for power- 
factor correction to any great extent but rather to 
provide an increased range in the frequency regulation. 

The regulating equipment is designed to raise the 
power factor of the induction machine to 90 per cent 
lagging and to furnish sufficient frequency regulation 
that the frequency of each system may vary 3 per cent 
either way, the worse case being when one system is 
3 per cent high and the other 3 per cent low. 

The main units of the Devon sets have different 
pole and speed combinations than the main units of the 
6000-kw. sets, although the sets in each case connect 
60- and 25-cycle systems. With the 6000-kw. sets, the 
25-cycle unit has four poles, the 60-cycle unit 10 poles, 
and the normal speed of the 60-cycle synchronous 
unit is 720 rev. per min. With the Devon sets, the 
25-cycle unit has 6 poles, the 60-cycle unit 14 poles, and 
the normal speed of the 25-cycle synchronous machine is 
500 rev. per min. The Devon set was designed for 
less speed principally because of the more economical 
construction of the single-phase, 25-cycle synchronous 
unit that could be used. This lower speed also permits 
a saving in the capacity of regulating equipment. The 
most economical speed for the main set, as far as the 
regulating equipment is concerned, is 300 rev. per min., 
because at this speed, the 25- and 60-cycle synchronous 
speeds coincide, and less regulating is required for fre- 
quency variations away from 25 and 60 cycles. How- 
ever, for the 5000- and 6000-kw. sets, the main units 
were not designed for 300 rev. per min., because the 
saving in the cost of the regulating equipment would 
be more than offset by the increased cost of the main 
ulits. 


FIXED RATIO INDUCTION-SYNCHRONOUS TYPE 

A paper? has been written which covers in much 
detail the design, theory, and operation of the fixed- 
ratio induction-synchronous type of set; therefore, 
only a very brief description will be given at this time. 

Fig. 7 shows a diagram of connections for a 35,000- 
kw. set, which consists of an induction and a syn- 
chronous machine. 

A portion of the power transfer is made through the 
shaft of the unit in the ordinary way and the remainder 
of the power transfer is made electromagnetically 
through the induction machine by connecting its 
stator to the 60-cycle system, and its rotor to the 25- 
cycle system. 

3. A 35,000 Kw. Induction Prequency Converter, by O. E. 
Shirley, A. L. E. E. Tzans., 1924, Vol. XLIII, p. 1011. 
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The induction machine has 14 poles and therefore a 
synchronous speed at 60 cycles of 514 rev. per min. 
However, its rotor speed is held down to 300 rev. per 
min. by the synchronous unit, this giving 25 cycles 
slip frequency at the induction machine collector rings. 
The electrical output of the induction machine rotor 
is approximately 25/60 of its kw. rating and the me- 
chanical output of its rotor to the shaft of the synchro- 
nous unit is approximately 35/60 of its kw. rating. 

Full load may be transferred through the set in 
either direction with unity power factor input. The 
magnetizing current of the induction machine is 
supplied through its rotor from the synchronous 
machine, which is designed to furnish the necessary 
reactive ky-a. for this purpose. 
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APPLICATION 

In discussing the application of the different fre- 
quency converters described, the synchronous-synchro- 
nous type will be used as a standard of comparison 
because this type is most widely used. 

The induction-synchronous type of set has a rather 
limited field of application, being used principally to 
furnish power to small loads where the frequency re- 
quired is different from the frequency of supply. Sets 
of this type in the smaller sizes are somewhat less 
expensive than sets of the synchronous-synchronous 
type but they have the disadvantage of poor efficiency 
and power factor. Furthermore, the induction machine 
cannot furnish leading current for power-factor correc- 
tion, and the variation of frequency with change in 
load may be a handicap. 

The fixed-ratio induction-synchronous type of fre- 
quency converter also has a limited field of application, 
its principal use being in large cities where synchronous 
converters supplied with a-c. power of two different 
frequencies are to be tied together on the d-c. side. 
With this type of set the two a-c. systems are tied 
together through the same magnetic field, therefore 
the tie functions practically as a cable tie, the only 
difference being that the impedance drop in the unit 
is somewhat higher than would ordinarily exist in a 
cable tie. ‘ 
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With a synchronous-synchronous set each machine 
tends to maintain voltage on the system to which it is 
connected, and a sudden drop of voltage due to a short 
circuit on one system does not in the first instant affect 
the voltage on the other system. ‘The same is true in 
the case of a sudden phase shift in the system voltage 
due to a sudden load change. In either case, before 
any shock on one system can affect the other system the 
shock must be transmitted through the shaft and this 
requires time. . 

On the other hand the fixed-ratio type of frequency 
converter transmits such a shock instantly and causes 
a change of voltage on one system to affect the voltage 
on the other. In other words, the fixed ratio frequency 
converter ties the magnitude and phase of both systems 
and acts instantly, while the synchronous-synchronous 
type ties the phase only and requires time. 

With the synchronous-synchronous type of set, a 
large voltage drop on one system may oceur without 
affecting for the moment the other system. With 
synchronous converters of the two systems paralleled 
on the d-e. end, this voltage difference would cause 
large currents through the converters inverting those 
on the low voltage system. The fixed ratio type, how- 
ever, would function in much the same manner as a 
cable tie allowing parallel operation of the synchronous 
converters under severe conditions. 

The synchronous-synchronous type of set has some 
operating disadvantages as compared with the adjust- 
able ratio type of frequency converter, but in the 
majority of cases these operating disadvantages are not 
sufficient to warrant the purchase of a more expensive 
set using the adjustable frequency ratio principle. 
Operating experience shows that in the majority of 
cases interconnected systems may be so operated that 
systems of different frequencies may be connected 
together by synchronous-synchronous frequency con- 
verters with no great inconvenience. In case of a 
system disturbance or system trouble, it may be desir- 
able to disconnect the two systems and in such cases 


reserve generators are usually available to pick up any ° 


load that is dropped. The adjustable ratio frequency 
converters have the advantage that they may ride 
through system disturbances with less need of dis- 
connecting the two systems. However, in deciding 
on the type of set to use in a particular case, it is neces- 
sary to decide how much the advantages given by the 

adjustable frequency converter set are worth. In 
- general, it may be said that sets of the synchronous- 
synchronous type meet the operating requirements 
sufficiently well and have the advantage of lower cost, 
higher efficiency, and simplicity. 

Although it is the general practise to use frequency 
converter sets of the synchronous-synchronous type, 
nevertheless there are particular applications in which 
the cost of an adjustable ratio frequency converter may 
be warranted. Frequency converters of this type are 
well adapted to connect large central station power 
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systems to industrial or railway systems where the 
industrial load or railway load may cause considerable 
frequency fluctuations. Another application would 
cover cases where the extra cost of the adjustable 
frequency ratio type will be warranted from the stand- 
point of being able to control the load at the set itself 
without need.of making adjustments on prime mover 
governors. 
CHART RECORDS 


Chart records given in Figs. 8 and 9 show how well 
frequency converter sets of the adjustable ratio type 
operate during system disturbances. The changes in 
voltage and frequency of both systems interconnected 
and the kilowatt load transferred through the fre- 
quency converter sets are given. The charts in ques- 
tion were taken at Rochester in connection with the 
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6000 kw. adjustable ratio frequency converter sets 
previously described. 

In each case the system disturbance was caused by a 
short circuit on the 25-cycle system. It will be noted 
that the short circuits caused a dip in 25-cycle frequency 
and that the clearing of the short circuits accompanied 
by load reduction caused an increase in 25-cycle fre- 
quency. In Fig. 8 the 25-cycle frequency changed from 
25 cycles to approximately 25.3 cycles where it continued 
to operate. The 60-cycle frequency after a momen- 
tary swing, continued to operate at approximately 
60 cycles. This change in frequency ratio clearly 
shows the advantage of an adjustable ratio frequency 
converter. 

At the time of the disturbance shown in Fig. 8, the 
6000-kw. frequency converter sets were transferring 
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power from the 25- to the 60-cycle system, each carrying 
about 2500 kw. load (the chart shows only the load on 
one set). The increase in 25-cycle frequency to 25.3- 
cycles caused a sudden increase in power transferred 
through the sets as shown by 8c. The sets were 
momentarily overloaded, the needle swinging to the 
end of the scale, showing the power exchanged was at 
least 10,000 kw. on each set. 8c shows how the load 
relay operated and quickly reduced the load on the 
frequency converters back to normal. 

8-D, 8-E, and 8-¥ show that the trouble originating on 
the 25-cycle system did not cause much disturbance on 
the 60-cycle system. The sudden increase in load on 
the frequency converter sets quickly reduced the load on 
the 60-cycle steam station as shown by 8-D. 
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System tied to 66-cycle system by two W000-kw. adjustable-ratio in- 
duction-synchronous frequency changers. © 


hart shows load on one set 

The disturbance recorded in Fig. 9 was much more 
severe than the disturbance recorded in Fig. 8. Here 
the 25-cycle voltage decreased momentarily to a very 
low value, the chart needle going off scale. In this case 
the 25-cycle frequency increased momentarily to 
approximately 25.5 cycles and remained at this high 
value for approximately 114 min. As this large increase 
in 25-cycle frequency was out of the range for which the 
frequency converter was designed, the load relay and 
the load regulating device could not, during this period, 
reduce the overload on the set. This is shown by 9-c, 
the load through the set being such that the chart 
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needle remained off scale until the 25-cycle frequency 
was again reduced. 9-D, 9-E, and 9-F show no great 
disturbance on the 60-cycle system during this period. 

The fact that the adjustable ratio frequency con- 
verters rode through these disturbances as well as they 
did, speaks very well for their operation. The overload 
relays on the frequency converters were set for a little 
over double load. Therefore the disturbance recorded 
in Fig. 9 is about as severe a disturbance as the sets 
can handle without being tripped. It is very probable 
that a synchronous-synchronous set would have 
dropped out of step during the disturbances shown. 
With the synchronous-synchronous type of set a rise in 
25-cycle frequency necessarily causes an equivalent rise 
in the 60-cycle frequency. Furthermore, during such 
system disturbances as shown, a synchronous-syn- 
chronous type of frequency converter would transfer 
more power through the set than a frequency converter 
of the adjustable ratio type. 


GOVERNOR CHARACTERISTICS 


The amount of load that is passed through a fre- 
quency converter when load is dropped on one of the 
systems to which it is connected depends to a large 
extent upon the governor characteristics and speed 
regulation of the prime movers. The speed regulation 
of steam turbines is much less than the speed regulation 
of water turbines; therefore, where the interconnected 
systems are supplied principally from steam stations 
there will be less interchange of power through fre- 
guency converters during disturbances than would be 
the case if the systems were supplied with power from 
hydro stations. 

The author wishes to express his appreciation for the 
cooperation given by E. K. Huntington of the Rochester 
Gas & Electric Co. regarding the chart records de- 
scribed, and acknowledge the general assistance given 
by Messrs. J. I. Hull, P. W. Robinson, and O. E. Shirley. 
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Discussion 
INTERCONNECTION OF POWER AND RAILWAY 
TRACTION SYSTEM BY MEANS OF FREQUENCY 
CHANGERS | 
(Encxe) 
APPLICATION OF LARGE FREQUENCY CHANGERS TO 
POWER SYSTEMS 
(Burnuam) 
New Haven, Conn., May 10, 1928 
P. W. Robinson: Referring to Table Ile the guaranteed 
full-load efficiency of 86.9 per cent given for the Devon set 
proved to be a very conservative figure. Tests of the apparatus 
as built showed overall efficiency at full load ranging from 90.0% 
to 89.22 per cent at operating conditions varying from no speed 
regulation to maximum regulation. A comparison of specified 
and test efficiencies is as follows: 


AE ees 2 y% 1 1% 
Specified....... 80.3 86.9 88.0 
1 yen ae ae ee 83.0 89.2 90.6 


Referring to Fig. 1, Mr. Encke has for simplicity disregarded 
the effect of reactance and primary resistance of the induction 
motor. It may be of interest to mention an important effeet 
of the reactance when power-factor improvement is required, 
namely that of increasing the amount of flux and consequently 
the magnitude of the induced. secondary voltage. For example, 
if the natural full-load power factor of the induction motor is 
85 per cent with 25 per cent reactive drop and the regulating 
machine improves the power factor to unity, approximately 14 
per cent more voltage is required from the regulating machine 
assuming that the same speed regulation is maintained. This is 
the major factor in determining the increased size of regulating 
machine required for power-factor correction. 

There is also an increase in the secondary current required 
for anything more than a few points power-factor improvement 
but this is usually of practically negligible amount unless leading 
power factor is required. When improvement on the leading 
side is effected the size of the induction motor is likely to be 
increased as well as that of the regulating machine because not 
only are the core loss and secondary copper loss increased but 
also the primary copper loss, instead of decreasing as it does 
up to unity power factor, increases again. 

Another rather interesting effect of the reactance is that, 
as load is applied to the induction motor, it retards the phase 
of the voltage required from the regulating machine. This 
phase shift calls for a change in the phase of the exciting current 
of the regulating machine as the load is varied. This change is 
effected in the Devon set by use of the automatic power-factor 
rheostat as explained by Mr. Encke and in some previous sets by 
use of bulging transformer. 

Mr. Encke has mentioned that the interpole winding of the 
Scherbius machine at Devon is connected only for below synchro- 
nous operation. In explanation of this fact it may be noted 
_ that the required amount of speed regulation below synchronism 
is considerably greater than that above due to the fact that the 
synchronous speeds of the two main units are different while 
the specified frequency variations above and below normal are 
equal. This interpole winding produces interpole flux to set 
up a rotating voltage in the commutated coils in opposition to 
the voltage induced in them by the alternating field flux. It 
was considered advisable in this case to supply such interpole 
excitation for the higher flux frequency below synchronism but 
it is not needed above and would complicate the switching to 
provide it as the connections must be reversed. The ordinary 
interpole excitation for current reversal like that used in d-e, 
machines is supplied by extra bars in the compensating winding. 
_ By these two means it is theoretically possible in this type of 
machine to balance all voltages tending to produce sparking at 
the brushes. As may be observed the practical results attained 
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in this case are almost complete absence of sparking under work- 
ing conditions. 


Referring to the adjustable-ratio induction-synehronous type 
of converter, the ordinary systems of exeiting the regulating 
machine do not provide # means of building up and stabilizing 
the voltage on the induction unit to supply power to a dead’ 
system. Special schemes for excitation may be provided if 
required to secomplish such results. Unless reduced output is 
required for such conditions the scheme used should preferably 
provide for supplying low-frequency excitation rather than direct 
current to the rotor of the induction unit so that evenly distrib. 
uted heating will be secured, 


H. F. Brown: The question has been asked, why tie in a 25- 
cyde system with another 25-cyele system through a flexible 
variable-ratio frequency-changer set? There are five important 
reasons why this was done in the case of Station A, 

The value of power interconnections is too obvious to comment 
on further. In order to connect together two systems of quite 
different sizes, it is of course necessary with the synchronous 
synchronous set to observe certain proportions in the rated 
size of the set. The variahle-ratio frequency-changer set ean 
be any size within the limita of the smaller system, That of 
course is the first reason. 

The second reason is beeatise a railroad load naturally has 
a ragged peak characteristic. By means of this type set the 
swings are entirely eliminated from the smaller station, 

Further, a single-phase railroad load such as the New Haven 
Railroad has produces an unbalance in the three-phase system as 
between phases at heavy loads. Taking it through this type of a 
set eliminates that tendency, 


The single-phase railroad load such as the New Haven, is 
also lower in power factor than a system stich as Station A supply- 
ing converters. The power factor of the smaller system is not, 
affected and may be, in fact, improved on both systems by the use 
of such # set. 

The fifth and last reason is the fact of the ability to ride 
through system disturbances, When it is considered that any 
railroad system of the size of the New Haven, may be stbjeet to 
a large number of short circuits or line disturbances in a month, 
it will be realized that this is an important consideration, It 
is no reflection on the railroad system to have these disturbances, 
and the ability to continue operation and ride through them is 
one of the most important matters that engineers at present have 
been giving their attention to. The faet that we are able to 
carry » heavy railroad load through disturbances of this kind 
shows how this feature has been entirely put in the background 
as far as electric railroad operation is concerned, 


O. E. Shirley: The papers have brought out the faet that 
there are three types of frequency converters available to inter- 
connect two systems. It is sometimes possible by very pre- 
liminary survey to determine the most suitable type, while in 
some gases it may be necessary to consider difference in initial 
cost, efficiency, and operating characteristies in considerable 
detail. 

The selection of the variable-ratio type for the New Haven 
Railway converters, which have been deseribed in these papers, 
could be made with practically no consideration of the other 
types. 

The comparison of the variable-ratio converter with the other 
two types in ability to continue operation after severe distur- 
batices may be explained hy an anwlogy of springs, The fixed- 
ratio type may be considered as « short stiff spring, whieh will 
offer « rapidly increasing resistance to variations in frequengy of 
either system, and will break before allowing much displacement, 
The machine of the fized-ratio frequency converter with the lower 
synchronizing torque will fall out of step when its maximum 
capacity is reached, and it will then be necessary to resynehronize, 
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The variable-ratio set on the other hand may be compared 
to a longer spring which will yield much more for the same foree. 
Disturbances tending to cause variations of frequency on one 
system, will, therefore, not cause an excessive load transfer 
through the variable-ratio frequency converter, and the load 
control will very quickly bring the load back to normal after 
the trouble is over. 

These papers have also brought out two different types of 


regulating machines, one direct-connected or geared tothe . 


main units, and the other driven by an induction or synchronous 
machine which may operate either as motor or generator. There 
is no general rule for the choice between these types and the 
one to be used for any particular case must be determined for 
the size and speed for that case. 

A. G. Oehler: I should like to know if this type of variable- 
ratio frequeney converter has the same ability to cushion shock 
occurring on either end of the load, that is, when the shock is 
transferred in either direction? 

L. W. Encke: Mr. P. W. Robinson mentions that factory 
tests made on the Devon sets showed overall. efficiencies higher 
than those mentioned in the paper. The efficiencies of both 
types of sets given in the paper are values set forth in the speci- 
fications. After the installation of the machines, efficiency tests, 
made by metering the input and the output of the whole set, 
gave for the Devon sets about the same results as those found on 
the test floor, and for the Station A machines efficiency figures 
equal to those on the Devon sets. 

Answering Mr, A. G. Oehler’s question, it can be said that 
this type of variable-ratio frequency changer cushions shock 
occurring on either system. Furthermore, immediately after the 
disturbance is over, the lead-regulating equipment restores 
normal load conditions on the set. 

Kk. J. Burnham: In Mr. Robinson’s discussion he mentioned 
the need of building up and stabilizing the voltage on the in- 
duction unit of variable ratio sets. 
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In supplying sets of this type we have always stated that 
sufficient generating power should at all times be connected to 
the induction unit to stabilize the frequency on the induction end 
of the set. 


By referring to the diagram of connections it will be noted that 
excitation to the regulating machine comes through the a-e. 
exciter from the main line. Generating power should therefore 
be connected to the mainline to furnish the required excitation. 
This generating power is needed to build up and stabilize the 
voltage on the induction unit when the set is started and it is 
also needed to stabilize the voltage and frequency during opera- 
tion of the set. 


At the Rochester Station, all the generating power was dropped 
from the 25-cycle induction end of the set momentarily to see 
if the set would hold its 25-cyele frequency, and it was found that 
the frequency did hold somewhat stable for a very brief time. 
I feel that it would not necessarily continue at this point of 
stability if dropping of load or fluctuations would take place on 
the system. 

The variable-ratio type of sets now in operation have not 
been required to furnish power to a dead load from the induction 
unit; therefore special means of excitation to build up and 
stabilize the voltage on the induction unit have not been needed. 

In ease it should be required that the induction machine furnish 
power to a “‘dead”’ system, then specialemeans of building up and 
stabilizing the voltage would be required. This could easily 
be furnished by use of a small motor-generator set which would 
furnish a-c. power at the desired frequency and voltage to the 
collector rings of the a-c. exciter, : 

Replying to Mr. Oehler’s question, I might state that the 
variable-ratio type of frequency converter forms a flexible tie 
between the two systems so that shocks are cushioned as they 
pass through the set no matter which system receives the original 
shock. 


The Chicago Terminal Electrification 
of the I[ilinois Central Railroad 


BY R. F. SCHUCHARDT: 


Fellow, A. I. E. E. 


INTRODUCTION 
Be development of transportation, using the term 
in its generic sense, is a measure of the progress of 
civilization. This includes transportation of 
material things, as done by vehicles, ships, railroads, 
and air-ships; transportation of energy from hydro and 
steam generating stations to the user; transportation of 
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thought by telephone, telegraph, and radio; and now, 
the transportation of views by television. Trans- 
portation reduces time and distance and increases 
man’s range of activities. Communities thrive to the 
extent to which their transportation facilities are 
developed. 

Chicago enjoys the distinction of having the most 
extensive railroad facilities in the world. Its local 
street and elevated car systems are in the front ranks, 
as is also its electric power development; and its com- 
munication system is on a par with the best. This is 
not said in a spirit of boasting, but to give point to the 
statement that the methods used to solve the physical 
problems of that city are of interest to all progressive 
individuals, and particularly to engineers, since engi- 
neering is so much the basis of present-day progress. 

In this is found our justification for accepting the 
invitation to present at this eastern Regional Meeting, 
a description and discussion of the first electrification 


1. Elec. Engr., Commonwealth Edison Co. 

2. Elec. Engr., Illinois Central R. R., Chicago. 

Presented at the Northeastern District Meeting of the A. I. E. E., 
New Hawen, Conn., May 9-12, 1928. 
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of steam railroads to be put into service in the mid- 
western metropolis. 

Let us first try to get a rough picture of the general 
local railroad situation. Downtown Chicago is served 
by 21 roads, though only 8 of these reach the central 
zone over their own track. (Fig. 1.) In the metro- 
politan area of 1750 sq. mi., there is a population of four 
million. There are 7726 mi. of railroad trackage and 
4330 industries on railroad sidings. Six and one- 
quarter per cent of all freight in the United States (or 
11,400 cars daily) are unloaded here and 41% per cent 
are loaded. Nearly 35,000 freight cars are operated 
daily with a car mileage of over 1,150,000. An average 
of ten and one-half cars arrive, and the same number 
depart each minute. 
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In the passenger service, there are over 500 through © 


trains carrying 45,000 passengers and about 1100 subur- 
ban trains, carrying 300,000 passengers, arriving and 
departing from the terminal stations daily. (Fig. 2.) 

These figures* will help you to visualize the great 

3. Freight data based on 1927 Report of the Committee on 
Coordination of Chicago Terminals, representing 28 roads. 
Passenger data estimated from 1923 survey data by same 
Committee. 
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system of transportation centering in the Chicago 
region. 

With the continued growth of the city and the further 
expansion of railroad facilities, it seemed inevitable that 
some day many of the roads would be led to consider 
electrification of their terminal areas because of con- 
gestion, or for other compelling reasons. In anticipation 
of this time, and with a thorough appreciation of the 
economy to the community in having the necessary 
power supply taken from the existing central station 
system, in 1921 Mr. Samuel Insull, president of the 
Commonwealth Edison Company, appointed a com- 
mittee to study the problem. It was Mr. Insull’s 
desire that his engineers be well posted on railroad 
points of view and railroad operating requirements, so 
that in subsequent negotiations, the power men could 
better understand railroad language and railroad needs. 

The Committee for the Study of Railroad Electrifi- 
cation, as it was called, was headed by Mr. Britton I. 
Budd, president of the Public Service Company of 
Northern Illinois, of the Chicago Rapid Transit Com- 
pany, and of the Chicago, North Shore, and Milwaukee 
Electric Railroad. Itsmembership was drawn from the 
electric roads under the Insull management, as well as 
from the local electricity supply companies of the region. 
This insured a fuller understanding of transportation 
problems. 

The committee met regularly each week for nearly a 
year, and also visited practically all of the steam road 
electrifications in the country. Greatest courtesy was 
extended the members by the officials of all of the 
roads visited, and facilities to study operating data and 
view the system in great detail, (including repair 
shops) were offered freely. In addition, railroad 
officials and representatives of equipment manu- 
facturers were invited, and came to the committee’s 
meetings to give valuable information on the subject. 

That the committee obtained at least a partial in- 
sight into railroad problems is reflected in its conclu- 
sions, some of which are given in the following excerpt 
from its notes: 

“In negotiations with railroads for the supply of 
energy to electrified systems, it is necessary for the 
power company to give full consideration to certain 
features of railroad operation which affect the use of 
this energy. Briefly, they are as follows: 

“Present railroad operation is based on the per- 
formance of steam locomotives and will, naturally,— 
at least for the present,—be adhered to when a road is 
electrified. A steam locomotive is a self-contained unit 
and is not affected by the disability of other locomotives 
except as the track may be obstructed thereby. The 
total power available to the railroad at any time is 
therefore the sum total of all the locomotives in good 
condition. Train movements are thus limited only by 
the number of locomotives available and the track 
capacity. Electric service must approximate this 
condition as closely as possible. Energy to move trains 
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as per schedule must at all times be available and inter- 
ruptions very carefully guarded against. In emer- 
gencies, excessive amounts of energy may be required 
and the limit of the free capacity in station, lines, and 
substations should be available to the railroad. 

“The contract should recognize the above require- 
ments and should also express in its rates, terms, and 
conditions, the superiority of central station service 
from the railroad’s point of view. The contract should 
reflect the fact that the cost of energy from a general 
power supply system is less than that from a prop- 
erly designed separate station of the railroad, and that 
the service from such a general supply system is more 
reliable. The fact of the larger reservoir for emergency 
use afforded by a general supply system is one of the 
principal advantages of such supply and the contract 
must be so drawn that the railroad can make use of this 
advantage without paying an unduly heavy charge 
for such use. The railroads, on the other hand, should 
have it clearly pointed out to them that while this 
reservoir is very much larger than it would be if they had 
stations of their own, there are still limitations which 
are usually in line and substation capacity rather 
than in generating station. Excess reserve in any 
of these items will naturally require a larger primary 
charge, since additional investment must be made for 
the purpose. In drawing the contract, clauses cover- 
ing emergency energy,—real operating emergencies, such 
as those caused by accidents, should be differentiated 
from those due to unusually heavy traffic. The latter 
would have required additional steam locomotives for 
the steam road, and therefore an additional primary 
charge for electric service for this purpose is entirely 
proper.” 

At the time of the committee’s studies, the Illinois 
Central Railroad was solving its terminal electrification 
problem. These studies naturally were in the nature of 
preparedness steps, looking toward readiness to offer 
intelligently power service for such electrification, 
should an invitation for such offer be forthcoming, as 
it was later. 

All members of the committee studiously avoided 
divulging their separate or collective thoughts with 
reference to a choice of system for this electrification. 
The power company stood squarely on the policy of 
readiness to serve the railroad with power in any form 
it desired. The contract conditions for the service 
would necessarily be affected by the choice, but not the 
willingness to serve. When the railroad made its 
decision for 1500 volts, direct current, and invited 
proposals for power supply on the basis of high-voltage 
energy, (the railroad to do its own converting), or 
on any other basis if desired by the power company, 
the latter submitted with its proposal for high-voltage 
energy, an alternate based on delivery of energy ready 
for traction use. It was felt that the road would be 
served better if all essential parts of the power supply 
were looked after by men especially trained for that 
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work. This is also in harmony with the general 
interests of the community because of the better 
economy of joint use of part of the facilities for this and 
possible other electrifications and for light and general 
power service. 


THE ILLINOIS CENTRAL PROBLEM 

The location of the Illinois Central tracks along the 
lake shore is not due to the railroad’s wishes. It had 
no choice in the matter. When the city had grown 
large enough and wealthy enough to want the lake front 
for parks and boulevards, the railroad was in the way 
of these improvements, and it was necessary for some 
kind of an agreement to be reached between the city 


and the railroad company, involving the surrender of 


the company’s riparian rights and an adjustment of 
other property in such a way that both the city and the 
railroad would benefit. For some years there was 
considerable agitation, also, in favor of the electrifica- 
tion of Illinois Central trains in order to eliminate the 
smoke which it was claimed detracted from the beauties 
of the lake front. An agreement was eventually 
reached between the city and the railroad by which all 
the desires of the city with regard to the improvements, 
particularly electrification, would be realized by stages, 
and by which the railroad, in turn, would receive 
certain benefits such as the acquisition of certain 
property rights and relief from the expense of protecting 
the lake front against erosion. This agreement is 
embodied in the so-called “Lake Front Ordinance.” 

On account of the diversity of ownership and of 
administrative powers of the various interests involved, 
it was necessary to make the agreement include the 
South Park Commissioners and also the Michigan 
Central Railroad. In addition, permission of the 
Secretary of War had to be obtained for certain of the 
lake front changes. 

Under the ordinance, the railroad was obligated to 
electrify its complete suburban service by February 21, 
1927. The electrification of the freight service north 
of Roosevelt Road must be completed by 1930, and 
south of Roosevelt Road by 1935. The electrification 
of the through passenger service must be accomplished 
by 1940, provided agreement is reached between the 
Illinois Central and its tenant railroads with respect to 
electrification. 

The Illinois Central placed its suburban service in 
complete electric operation in July 1926, a full six 
months before the limit specified by the Lake Front 
Ordinance. In addition to the electrification, the 
railroad made many improvements, a large number of 
which were not required by the ordinance. These 
included extensive track changes, grade separations, 


- yard construction, and other works. 


The suburban service to be electrified was the most 
important means of rapid transportation serving ‘the 
densely populated Hyde Park, Woodlawn, and South 
Shore districts, as well as the more outlying districts 
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and suburbs directly south of the city. Because of its 
fast and frequent trains, it was considered the best 
transportation in the city, notwithstanding the fact 
that its coaches were old, small, and of wooden con- 
struction, and its locomotives equally small and old. 
The suburban system comprises 37.8 route miles, 
including 30 mi. on the main line and 8.8 mi. on two 
branches. There were three classes of trains; namely, 
local, express, and special. As many as six parallel 
tracks were necessary in the heavy traffic districts. 
In the year 1922, when definite plans for the electrifi- 
cation were begun, 21,500,000 revenue passengers were 
carried by these steam trains. 


SPECIAL COMMISSION APPOINTED TO STUDY THE 
PROBLEM 


In order that this electrification might be along the 
most progressive. lines, the railroad employed three 
noted electric railway engineers as an Electrification 
Commission to make an extensive detailed study of the 
requirements and a selection of the best system to fit 
these requirements. This Commission was aided by a 
staff of engineers employed by the railroad company for 
this purpose. In reaching its conclusion, the Electri- 
fication Commission made designs and estimates of 
the complete costs of electrification of the terminal by 
each of four different systems. Two years were con- 
sumed in this study, and in the autumn of 1921, the 
report was submitted recommending the 1500-volt d-e. 
system as the one best suited to this terminal 
electrification. 

With the selection of this system, the Commission’s 
work was ended. The railroad then gathered a force 
of engineers to design and construct the electrification. 
In the course of the design, numerous decisions had to 
be made, involving extensive studies and investigations. 


STUDIES OF THE POWER SUPPLY 


Among the major studies that occupied the railroad’s 
engineers was naturally that of the most satisfactory 
power supply, all things considered. Extensive and 
careful estimates were made to determine what the 
power costs would be if the railroad owned and operated 
its entire power system. These estimates were then 
compared with the proposals of the power company. 
In the decision, of course, these cost figures were fully 
considered, but the operating advantages of obtaining 
energy from a large centralized power system, and of 
having the power company perform the operations to 
provide the energy in the form needed for transportation 
service also carried weight. As a result of these 
studies, which were carried on over many months, the 
railroad concluded to purchase all of its electric energy 
from the power company. 


_ FUNDAMENTALS OF THE POWER CONTRACT 
The contract which was entered into in 1924, and 
under which operations commenced in May 1926, 
calls for the delivery of energy from the substations of 
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the power company. This is at 1500 volts, direct 
current, on the feeders of the railroad company for 
traction and 2300 volts, alternating current, forsignaling. 
Three-phase energy at 4000 volts is also provided for 
the railroad’s light and power requirements in its 
stations and shops. The present supply is taken from 
seven substations, five of which are within the city and 
two beyond the city limits (Fig. 3). From the two out- 
side substations the power company supplies the energy 
by arrangement with the Public Service Company of 
Northern Illinois, which owns and operates these 
substations. This latter company, however, does not 
appear in the contract with the railroad company. 
The conversion equipment consists of synchronous 
converters and mercury arc rectifiers, which are de- 
scribed more fully below. 

The charges for electricity follow the proved Hopkin- 
son method with a “primary” in recognition of the 
power company’s investment and a step rate 
“secondary” to cover the operating and service costs. 
In order that variations in coal cost may be taken 
into account, there is provision for a change in the 
secondary charges if the cost and heat content of the 
coal used falls outside of certain limits. 

The primary charge is based on the maximum amount 
of electricity drawn under normal operating conditions. 
In order that the railroad company may have the 
advantage of the power company’s large reservoir of 
power and without the payment of the regular primary 
charge for additions required in emergencies only, 
abnormal demands due to such emergencies are excluded 
in determining the maximum demand for billing. The 
recognized emergencies are: 

1. Abnormally heavy traffic resulting from failure 
of other transportation lines, unless continuing for 
more than 10 consecutive days; 

2. Traffic arising from extraordinary assemblages, 
such as fairs, race meets, ball games, conventions, and 
the like, unless continuing for more than 10 consecutive 
days; 

3. Congestion of traffic arising from a railroad 
accident, derangement of power supply, or other 
emergency conditions; 

4. Other excessive traffic beyond that usually 
carried and caused by some unusual circumstance or 
condition; 


5. Hours during which the temperature is + 5 deg. 


fahr. or lower. (The suburban cars are all electrically 
heated.) 

The limit to the amount of electricity which may be 
drawn under these emergencies is the capacity of the 
power company’s equipment which may be usable for 
the railroad company’s service during such emergencies. 
This is one of the features of the contract which makes 
the central station service of so much greater advantage 
to the railroad than would be that from its own separate 
plant. To insure a reasonable, continuing return on 
the investment made by the power company the railroad 
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guarantees that the maximum demand that it will pay 
for in any month will not be less than 70 per cent of the - 
highest demand established during the last preceding 
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12 months. A minimum monthly load factor of 30 
per cent is also guaranteed. 

One of the railroad’s requirements which was finally 
accepted by the power company but with some mis- 
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givings, relates to regulation of the feeder pressure. 
The high-speed suburban service with short intervals 
between trains requires a close adherence to running 
schedule and this, in turn, was felt to demand close 
voltage regulation. The permitted variation is from 
1400 to 1550 volts on the feeders at the point of delivery 
at the railroad’s right of way, which is practically at 
the substation feeder bus. 

Provision is included for additional capacity in new 
or existing substations, as the increase in load requires. 


_Of course, the power company may install additional 


equipment in its substations for uses other than this 


Fig. 4—8-Car TRAIN AND CATENARY 


electrified railroad, and also use its equipment to serve 


other electrifications later if found advantageous to 


do so. 


DESCRIPTION OF ROLLING STOCK AND DISTRIBUTION 
SYSTEM 


The suburban cars of the electrified suburban service 
are of the most modern all-steel type of rapid transit 
cars, although considerably faster and heavier than the 
average subway and elevated car. They have been 
fully described in the technical press‘ at various times, 
so a detailed description here is unnecessary. All the 
trains are made up of standard two-car units, each unit 
consisting of a motor car and a trailer car semi-perma- 
nently coupled. In seating capacity and general 
appearance the trailer car is exactly the same as the 
motor car. The two-car units can be operated from 
either end. They reach speeds of 65 miles per hour 
on level track. They have a very fast acceleration and 
braking rate, which allows them to make short runs with 
high-schedule speeds. The express trains and the fast 
trains serving the outlying districts, however, make long 
high-speed non-stop runs until they reach the territory 
they serve. 

The trains obtain their energy from the catenary 
distribution system. (Fig.4.) The catenary over each 
electrified track contains four conductors, two of which 
are contact wires. It is directly connected to the feeder 
busses of the substations. The conductivity of this 
arrangement is such that no feeders other than the direct 


4. Quite fully in General Electric Review, April, 1927. 
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connections between substation bus and this overhead 
contact system are used: Normally the overhead 
system is all tied together through the substations and 
tie station buses (Fig. 5). These stations are so 
located that in case of faults, the section in which the 
fault occurs will be automatically isolated. High- 
speed circuit breakers with good selectivity character- 
istics are used in all connections. A detailed descrip- 
tion of the distribution system can also be found in 
technical publications. 


THE SUBSTATIONS AND THEIR EQUIPMENT 


The energy supply for the initial electrification is 
obtained through seven substations located adjacent to, 
or very near, the railroad right-of-way. Five of these are 
within the city and are fed from the generating stations 
at 12,000 volts, 60 cycles over the power company’s 
cable system. The two substations in the suburban 
region are fed from the 33,000-volt, 60-cycle overhead 
transmission system of the Public Service Company of 
Northern Illinois. The line arrangement throughout 
is such as to provide reasonable reserve so as to insure a 
high order of reliability. 

The major equipment installed in these substations 
is given in the Table. Figs. 6, 7, and 8 show the exterior 
of some of the-substations. 

The 1500 volts direct current for the traction service 
is derived in part through 3000-kw. synchronous con- 
verter units and, in part, through mercury arc rectifiers. 
Each converter unit consists of two 750-volt elements 
in series, together with a_single-three-to-six-phase 


Fig. 5—F reper Tre Sratrion 


transformer. The illustration (Fig. 9) of a converter 
unit in the Brookdale Substation shows the flash sup- 
pressors around the commutator brushes. Another, 
and principal precaution against possible flashovers at 
the commutators is in the use of high-speed circuit 
breakers. 

The converters are designed to carry 150 per cent 
rated load for two hours and 300 per cent for one 
minute with satisfactory commutation. They are of 
the field-control type where d-c. voltage control is 
obtained by varying the excitation, thus regulating 
by means of the reactive current thereby produced. 
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TABLE I 
MAJOR SUBSTATION EQUIPMENT 
Synchronous converters Rectifiers 1500-volt feeders Light 
a and power 
Rated kw. transformer 
Substation No capacity No. Pos. Neg. capacity 
c= Seer 
KE. 16th St... ....-- 3 3,000 0 7 6 1,500 
Brookdale-....... 2 3,000 1 10 9 1,500 
Cheltenham .....- 2 3,000 0 = 2 150 
Wry... tes 2 3,000 0 a 6 300 
Lafiin.. 0 i 2 al 75 
Harvey... >>..-2- 1 3.000 1 4 1 300 
Vollmer Rd... ..- i 3,000 1 4 s 300 
Totals... li 33,000 = 9,000 42.000 38 26 4.125 


The exciter for each converter, mounted on the shaft 
of one element, is compound wound for constant voltage 
and the variation in the converter field voltage is 
automatically obtained by means of a counter e. m. f. 
regulating equipment. The converters are started 
from the a-c. side by means of the usual star-delta 
switches. 


Fic. 6—16TH Street SUBSTATION 


A further means of voltage control is provided in the 
primary winding of the transformer. By means. of 
interlocked oil switches, the connection may be changed 
under load from the full coil toa 5 percenttap. Auto- 
matic reclosing is provided for the high-speed breaker 
on the negative lead of the converter with a time delay, 
which will reclose if the short circuit clears; but if it 
fails to clear, the positive breaker will also open. This, 
too, is of the high-speed type. 

There are four rectifiers in this service, their location 
being shown in the table. Two of them, of 3000-kw. 
capacity, are of foreign manufacture and the other two, 
rated at 1500-kw. each, are of American make. Both 
of the 1500-kw. and the 3000-kw. units consist of two 
bowls each, operating in parallel. A single three-phase 
transformer with six-phase secondary windings -feeds 
the pair of bowls of the 1500-kw. sets. The 3000-kw. 
sets are in effect, two 1500-kw. sets operated from one 
high-voltage switch. Each bowl has its own three- 
phase transformer. The secondaries are double six- 
phase connected to the twelve anodes of the bowl. 
(Figs. 10 and 11.) 

_ These rectifiers are rated to carry 150 per cent load 


for 20 minutes and 300 per cent load momentarily 
(American units) or for one minute (foreign units). 
High-speed circuit breakers (Fig. 12) are provided on 
the d-c. side of these units. Special reactance coils 
connected in the neutral of the transformer secondary 
give the sets an inherent regulation of about 5 per cent. 
Corrective regulation is accomplished by hand-con- 
trolled tap changers on the transformer primary. 

All of the 1500-volt feeders have a high-speed circuit 
breaker on their positive side. 

In addition to this equipment for the traction service, 
each substation contains transformers with regulating _ 
and switching equipment for 4000/2300-volt, three- 
phase light and-power circuits for the railroad and for 
2300-volt signal service. 

To insure safety and reliability, the substations con- 
tain a number of interesting features but a detailed 
description of these would belong to another paper. 


OPERATING EXPERIENCE 


This electrification has now been in operation for 
21 months. From every point of view the equipment has 
met all expectations, and the complete operation has 
apparently been successful. The first electric time 
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table was put into effect on August 28, 1926, with a 
total of 396 revenue trains. Today, 497 trains are 
being operated on a normal week day. There are 72 
additional electric trains run by the Chicago South 
Shore and South Bend Railroad, which uses the Illinois 
Central electrified tracks between 116th Street and 
Randolph Street, making a total of 569 electric trains 
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on every week day. The public has shown its apprecia- 
tion of the electrification by the increased traffic, 
even though the fares were raised 20 per cent a few 
months before electrification started. 

Fig. 13 shows graphically the increase in revenue 
passengers from January 1924 to February 1928, and the 
effect of the electrification is plainly seen. On this 
graph are also shown the car miles, the seat miles, and 
the number of daily trains. It may be noted that the 
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car miles did not increase very much after electrification, 
this being due to the fact that the seating capacity of 
the new electric car is one-third greater than the average 
old steam suburban car and the standing capacity is 
increased still more. 
The operation has not been entirely free from troubles 
but that cannot be expected from an installation of 
the magnitude of this electrification. However, they 
have not been of a major character and with one or two 


ELECTRIFICATION ILLINOIS CENTRAL RAILROAD 


1087 


involved and because of common maintenance troubles 
inevitably arising. Such cooperation has been complete 
in every way, and all routine and emergency arrange- 
ments for continuity of service have been handled with 
efficiency and satisfaction. 

Fig. 14 shows the magnitudes and variations of 
maximum power demand of this suburban service, 
the load factor, and the kw-hr. per car mile, all mea- 


Fie. 10—Mercury Arc Rectiriers (LAFLIN) 


sured at the d-c. bus in the substations. The relation 
of these values to mean monthly temperature can be 
observed. The fact that the cars are heated entirely 
by electricity makes the temperature an important 
influence. 

Because of the heavy load fluctuations imposed 
on the substation converting equipment and of the close 
regulation specified by the railroad, there was doubt in 


Fic. 9—Syncuronous ConverTERS (BROOKDALE) 


exceptions, have not interfered with the transportation 
service. 

The operation of this service depends on an adequate 
and reliable supply of energy. While the Electric 
Service Agreement between the power company and the 
railroad company calls for a practically continuous 
supply of energy, both companies must at all times 
cooperate very fully in order to maintain efficient 
service, on account of the electric switching operations 


Fig. 11—Mercury Arc Rectiriers (BROOKDALE) 


some quarters that synchronous converters would give 
satisfactory service and motor generators were sug- 
gested. Fortunately these doubts have proved ground- 
less, the performance of the converters having come 
fully up to requirements. 

The rectifiers also, in general, have performed well,— 
particularly those of foreign manufacture. In the 
others, some improvements are still desirable and it is 
hoped that our American manufacturers will not permit 
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themselves to be outdone for long. Because of the 
higher efficiency of rectifiers, they are naturally kept on 
the service for the long hour load. The close regulation 
is performed by the synchronous converters. . As 
already stated, the exacting regulation specified has 
been met satisfactorily. 


Fic. 12—Hicu-Sprep Crrcuir BREAKER (wITH ASBESTOS 


CuutEe Tiutep Back) 


That very important link, without which the major 
equipment would not perform so satisfactorily,— 
namely, the high-speed circuit breaker,—has done all 
that was expected of it. Both in correct selectiveness 
and in effective current interruption its behavior has 
been excellent. ‘The duty on these devices is at times 
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Fig. 13—Trarric Data 


heavy. They have effectively limited to a negligible 
degree the damage resulting from accidental short 
circuits in overhead wires or rolling stock. 

POWER DATA 


The maximum demand of the electrified road on the 
power system has thus far been approximately 24,000 
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kw. The total 1927 energy use was slightly under 
59,000,000 kw-hr. The annual load factor was thus 
about 28 per cent. The monthly load factor varied 
from 321% per cent to over 39 per cent. 

At the time of the power companies’ maximum load 
this last winter, the railroad’s load was about 7 per cent 
lower than it was at the time of its maximum, which 
occurred a week earlier. It should be noted that this 
diversity existed even though the portion of the road 
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thus far electrified—suburban service, only, in winter 
has a daily load characteristic which closely approxi- 
mates that of the power company. With the addition 
of the freight and of the through passenger service, 
this diversity should be much higher. 

The increased business that the railroad has enjoyed 
since electric operation was begun has shown the in- 
adequacy of the estimates originally made with 
reference to probable power requirements when the 
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Fig. 15—Estimatep Loap Curve For 1928 ror att RAILROADS 
In Cu1caco ASSUMING THEM TO BE COMPLETELY ELECTRIFIED 


other branches of its service are added. The revised 
estimates have not yet been completed. 

The power company has made some rough estimates 
with reference to the entire Chicago railroad service, 
which are given in Fig. 15. This shows the shape of the 
daily load curve for a winter day. Superimposed on 
these curves is a typical curve of the regional power 
system load (but to a different scale). The combined 
railroad load is estimated to have an annual load 
factor of about 62 percent. Further improvement may 
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be possible by shifting freight time tables. From the 
power company’s point of view, this is a very desirable 
load. The railroads, on their part, receiving their 
supply from the large power pool, would enjoy, among 
other things, the advantages of the high generating 
efficiency of the rapidly growing system, the com- 
paratively large reserve, and the absence of heavy 
capital requirements for power purposes. 

The estimated maximum demand for 1928 for all the 
railroads in the Chicago region, were they electrified, 
is on the order of 125,000 kw.. This is but a little over 
8 per cent of the interconnected generating capacity 
of the region; actually less than the single item of 
reserve normally carried by the power companies. 
Two points are brought out by these figures: (a) that 
the investment necessary to provide the power require- 
ments of electrified railroad business is not a burden- 
some item in the power company’s budget, and (b) 
that the particular form of energy required by the rail- 
road will not have any appreciable influence on the 
general engineering plan of the power company. 

While these conclusions are based on the conditions 
existing in the Chicago’ region, they will probably be 
found to apply with at least equal force elsewhere. 
The ever enlarging area being covered by substantial 
power systems with their far flung transmissions is 
constantly increasing the ease of obtaining a suitable 


supply of energy for railroad electrifications, as the rail- 


roads find, with the progress of time, that economic or 
other conditions make electrification desirable. Power 
systems will serve the railroads most effectively when 
there is a willingness to serve in the manner demanded 
so that the railroads in turn can produce their service 
as best suits the requirements of good transportation. 


Discussion 


E. R. Hill: One of the very interesting and important fea- 
tures of the Illinois Central Electrification, as described in this 
paper, is the contract for the supply of power between the 
Railroad and the Commonwealth Edison Company.- Probably 
the most unusual feature of this contract is the supply by the 
power company of converted current at the seven substations 
located along the railroad. It is more usual for the power 
company to supply alternating current at a single point and for 
the railroad to transmit and convert or transform this power 
itself. 

The paper calls attention to the practise which has now become 


- quite general, and which is regarded as absolutely essential in 


connection with railroad electrification work, for the power com- 
pany to supply excess demands in railroad emergencies without 
affecting the demand charge. In other words, the demand 
charge is determined by the road’s power requirements under 
normal conditions, and emergency drafts of power do not affect 
the demand billing. This is very important and really essential 
in connection with railroad operation because of the fact that 
abnormal and emergency conditions occur much more frequently 
in railroad operation than in probably any other industry, and it 
is impossible for the road to control or prevent the occurrence of 
such exceptional demands. 

The most recent large power contract for railroad operation 
that the writer has knowledge of was negotiated and consum- 
mated last year between the Pennsylvania Railroad Company 
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and the Philadelphia Electric Company at Philadelphia. This 
is a continuation and enlargement of an earlier contract covering 
the supply for the Pennsylvania Railroad’s suburban service in 
Philadelphia, intended to provide for all traction requirements in 
that territory including through electrification between New 
York and Washington and elsewhere, if and when carried out, 
for a period of 20 years. 

The power company contracts to supply the power at 25 
cycles single-phase 13,200 volts at certain main supply points in 
the vicinity of Philadelphia or elsewhere as may be arranged from 
time to time. The railroad steps up the voltage to 132,000 and 
transmits at this pressure to its various transformer stations 
along the railroad. 

The outstanding new feature of this power agreement is that 
the charges or rates are based on the actual cost to the power 
company of producing power in its generating stations, and of 
transmitting it to and converting it at the supply points. This 
actual cost, of course, includes fixed charges, general expenses, 
and all other items properly entering into the total cost. 

In order that the railroad may be protected against any un- 
foreseen high cost of producing power, the power company 
guarantees that the demand charge and the energy charge shall 
not exceed certain stipulated values that were estimated and 
set up at the time of the negotiations. Such guarantees are 
based on specific cost of coal and labor. Maximum rates for 
fixed charges are also stipulated. 

Some of the other main features of the contract are: 

Demand determined monthly based on three maximum normal 
clock hours per month. 

Abnormal demands resulting from accidents, derangement of 
power supply, abnormally heavy traffic, or severe weather 
conditions, shall be disregarded in determining the maximum 
demand. 

Demand may not be less than 75 per cent of any previous 
maximum demand. 

Guaranteed monthly load factor is 30 per cent. 

Guaranteed power factor is 55 per cent. 

If lower rates are subsequently made to other consumers 
under similar conditions of supply, the railroad shall be entitled 
to the same rates. . 

At an average monthly load factor of 62 per cent, a coal cost 
of $5.00 per net ton, present labor rates, and guaranteed maximum 
demand and energy costs, the average cost to the railroad at the 
supply point or points under this contract works out 0.75 cent 
per kw-hr. 

Sidney Withington: The question of power supply for 
railroad electrification is one not only of economy, but of re- 
liability. These two important considerations do not neces- 
sarily go hand in hand; in fact, it often happens that a balance or 
compromise between them is necessary. For instance, it may 
be more economical to develop a single central supply of power for 
a given electrification project than to provide several sources 
of feed, but a single supply may mean that power-transmission 
facilities must be installed along the railroad right-of-way in 
close proximity to the tracks, with consequent danger of inter- 
ruption on account of derailments. The right-of-way, further- 
more, often passes through thickly settled communities where 
the clearance is restricted and where danger of trouble from a 
possible fire on adjacent property is considerable. Any hazard 
which results in cutting the power line in two obviously is going 
to be serious if it results in a complete prostration of service 
beyond the break. 

As an alternative to a single point of supply there may be 
considered a main or central feed to serve as a “back bone,” 
with supply points of relatively less capacity near each end of the 
electrified zone, so arranged that in the event of a failure of the 
main supply or a break in the transmission facilities the auxiliary 
source, may carry at least a portion of the load and thus take 
care of the most important service until normal conditions are 
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resumed, Such an arrangement obviously costs somewhat more 
than « complete concentration, but the resulting increase in 
reliability is often worth the added cost in an important electri- 
fication project. 

A third possibility which may sometimes be practicable is the 
tying at various points to a single large power system with a 
transmission network entirely independent of the right-of-way 
of the railroad. Sucha system i¢ often fed from two or more 
independent power plants or interconnected with other power 
systems. In an arrangement of this kind any single interruption 
of power or transmission would normally not seriously affect 
railroad operation. If conditions are favorable, such an arrange- 
ment is from many points of view quite ideal, for it allows advan- 
tage to be taken of the maximum railroad load factor with 
consequent minimum cost, and at the same time obviously 
produces maximum reliability. The choice of power supply in 
any given instance obviously depends upon local conditions and 
facilities readily available. 


Although in many instances a generated frequency of 25 
cycles is available commercially which makes possible a tie 
directly into railroad traction feeders, the power available from 
@ large commercial syatem, is usually 60-cycle three-phase, and 
is thus often not adapted for direct supply without modification 
for heavy electric traction, and therefore, regardless of the system 
of electrification, some form of conversion apparatus is generally 
necessary if power is purchased. If a railroad produces its own 
power the characteristics of the power supply of course are 
correlated with those of the system adopted. 

The two electrification systems of power distribution most 
otten employed in this country are (2) direct-current, operated at 
various voltages from 600 to 3000, and (1) alternating-current 
single-phase usually operated at 25 cycles and 11,000 volts. 
To adapt three-phase 60-cycle power from a commercial 60- 
eyele supply to either of these systems requires some form of 
substation apparatus, which in the case of direct current may be 
mercury-are rectifiers, motor generators, or rotary converters, 
and in the case of single-phase takes the form of motor-generator 
frequency changers. 


Other things being equal, the purchase of power by a railroad 
for traction purposes should be more satisfactory than. the opera-~ 
tion by the railroad of ita own plant. The capital requirements 
for railroad electrification are necessarily very high at best. 
The cost of power distribution facilities required to convey power 
to the collecting devices of the motive-power units runs into 
many thousands of dollars for each mile of track electrified. 
The sequiring of locomotives or cars on an equipment trust 
allows postponement to some extent of a portion of the immedi- 
até capital requirements, but the purchase of power will eliminate 
the relatively large capital which would be necessary for its own 
power-plant installation, 

It is, however, necessary that power companies which are 
interested in supplying power for railroad electrification shall 
consider all the aspects of the questions, such as diversity of 
load compared with other customers (for much of the railroad 
load, expecially freight, occurs during the night), and the volume 
of business involved. 

With growing efficiency of power-plant apparatus made pos- 
siblé, expecially by concentration in large units, it is logical to 
expect that the production of power by organizations specializing 
in such production would be more economical than production 
by railroads themselves, provided, however, that such economies 
are not obtained at the expense of too high investment charges, 
86 that the consumer does not have the benefit. It should be 
borne in mind in this connection, also, that railroads are often 
in # position to purchase coal more advantageously than power 
companies, 

Railroads do not as a rule pay as high a rate of interest on 
capital investment as do power companies, and this should be 
taken into account in determining the demand or primary charge 
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which represents the cost of the money invested in plant and 
associated facilities. If a railroad installs its own plant, it may 
justly contemplate calling upon its reserve capacity for such 
emergencies as may sometimes occur in the course of its opera- 
tion; and a power company in taking on a railroad power supply 
should be prepared to carry the load, during abnormal conditions 
over which the railroad often has no control, without subjecting 
the railroad to penalty in establishing demands. As has been 
pointed out by Messrs. Schuchardt and Hill, most of the im- 
portant agreements for power for railroad traction purposes now 
recognize this important point, to the mutual advantage of all 
concerned. 

The early New Haven electrification, inaugurated in 1906, was 
originally supplied from a railroad-owned power plant located at 
Cos Cob, Conn., which is not far from the center of the system 
load between New York and New Haven. Commercial power 
at that time was not available. The Cos Cob Plant, with a 
capacity of about 13,000 kw., served the initial installation 
between New York and Stamford. In 1912 the plant was en- 
larged to about 32,000 kw. capacity to carry the New York, 
Westchester & Boston and the Harlem River Branch freight 
traffic and the electrification through to New Haven which was 
inauguarated in 1914. 

In 1915 there was added to the power system a supply from the 
United Electric Light & Power Company at West Farms, N. Y., 
the power being generated at the Sherman Creek Power Plant 
of that company. This connection is supplied from turbo 


‘ generators used exclusively for railroad service, and although the 


power company’s machines share with Cos Cob the power 
swings, nevertheless: with proper supervision considerable accu- 
racy in the control of load and consequent supply of energy is 
possible. 

With the growing load on the New Haven the question of a 
power supply at the east end of the electric zone was considered. 
The alternatives were (1) concentration at Cos Cob with inde- 
pendent high-voltage transmission and step-down substation 
at the east end of the zone, and (2) entirely independent supply 


-at the east end, somewhat analogous to the West Farms supply. 


The result was a decision in favor of independent supply and the 
installation at Devon, Conn., of two 5000-kw. (continuous) 
frequency-changers for the purchase of power from the Connecti- 
cut Light & Power Company, and at New Haven of one machine 
of similar capacity for interchange in either direction of surplus 
power with the Connecticut Company.! These facilities auto- 
matically allow continuous or definite control of load as desired, 
regardless of relative variations of voltage, load, or frequency in 
any of the systems involved. 

An extension of the New Haven System over the New York 
Connecting Railroad and on the Long Island Railroad to Bay 
Ridge, N. Y., made desirable a connection with the Pennsylvania 
Railroad power system at East New York which could be used 
in emergency. A motor generator similar to that at New Haven 
was thus installed at that point. That motor generator, as well 
as all of the other apparatus of that type, is available as a syn- 
chronous condenser to maintain a favorable power factor. 
There are thus now in service on the New Haven System five 
points of supply: East New York, West Farms, Cos Cob, Devon, 
and New Haven. 


There is no doubt that the concentration of power at Cos Cob 
would have been more economical than the policy of decentraliza- 
tion which has been adopted, but the consideration of reliability 
justifies the extra expense. While Cos Cob is the main source of 
supply, the auxiliary sources are of sufficient capacity in the 
event of an emergency to provide the continuance of at least the 
more important traffic, and it is our opinion that there is a satis- 
factory balance between the two important considerations, 


economy and reliability. 


1. Interconnection of Power and Railway Traction Systems by Means of 
Frequency Changers, by L. Encke, see p. 1056. 


rae ee 


a. Ale . we Je 


Central. 


Oct. 1928 


G. I. Wright: I want to make a few remarks about the 
economic aspects of such a service as the electrified Illinois 
Central, and: these in general will apply to any suburban or 
commuter service for passenger traffic for a large city. 

The handling of such a business is not particularly attractive 
from an economic standpoint, but although passenger revenues 
and passenger business for the railroads as a whole are falling off, 
yet suburban business is either holding its own or in most cases 
increasing. 

The paper states that the load from the power company’s 
standpoint is a favorable one, and I presume it means economi- 
eally favorable. Suburban passenger business from a railroad 
standpoint is in general not economically favorable, and one of the 
most interesting things in connection with the electrification of 
such a service is its effect upon the net return. This business is a 
low-load-factor business; actually the ratio of the average num- 
ber of passengers hauled to the maximum number hauled during 
rush hours is around 25 or 30 per cent. This means that the 
rolling stock and the total investment in railroad facilities 
necessary to handle the business is largely idle during the greater 
portion of the day. 

A power company in selling electricity gets a return on a low- 
load-factor business by having a rate which takes into account the 
maximum demand. [I believe the fact that their rates bring 
them a return for the service rendered and the investment neces- 
sary to handle that service is largely responsible for the growth 
and success of the power companies in this country. 

With a railroad handling commuters this is not so. The rate 
for passengers who ride during the rush hour is very much lower 
than the rate for a ticket to ride during any part of the day. The 
latter have to pay 3.6 cents a mile. The rate for the commuter, 


‘in the case of the Illinois Central, is as low as 0.6 cent a mile. 


This means that for this low-load-factor business they are getting 
a very low unit price. 


- I do not believe that power people who are accustomed to their 
unit rates varying with the load factor of the load realize what the 
railroads are up against from the standpoint of economically 
getting a return on the service rendered. The railroads have 
probably not done as much to correct this condition as the power 
companies have. The power companies have insisted on a rate 
which takes into account the load factor. They have also given 
off-peak rates and have constructively gone at the problem of 
building up their load factor and increasing the off-peak business. 
The railroads under steam operating conditions have done very 
little. After electrification it is possible tomake improvements in 
this respect. You can operate economically shorter trains and 
more frequent train service during the middle of the day and thus 
make a bid for that business as has been done by the Illinois 
The cost of fuel for steam operation is the same no 
matter what time of day it is burned in the locomotive, while the 
cost to the railroad of electric current used during the non-rush 
hours is only a fraction of the cost if used during the rush hours, 
as it does not increase the power company’s investment or the 
demand charge which brings them the return for this investment. 

The Illinois Central’s electrified service with its faster schedules 
and greatly increased frequency of train service in the non-rush 
hours, has not only attracted new residents to the territory 
served but has increased the riding habit of those already there. 
The Sunday business has also been greatly increased by this 
method. The Illinois Central has also put into effect a reduced 
round-trip rate of a fare and a half and has made a bid for the 
business of those who would hesitate to pay 3.6 cents a mile to 
make a trip down town. I believe they could well afford to have 
made this rate still lower. 


It must be highly gratifying to the management that they have 
been able to turn a large operating loss into an operating profit 
sufficient to pay some return on the increased investment, and 
this with lower rates than are charged for most similar services. 
This fact should also be of interest to the management of other 
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railroads who have not as yet electrified their suburban services. 

H. C. Sutton: Most electrifications in the East have been 
for suburban service. A factor that is very interesting to the 
central stations is that with the extension of the electrifications 
to take in trunk-line railroads, the load faetor of 26 to 30 per 
cent: which is now obtained on suburban service, will be increased 
to a load factor of over 60 per cent with combined suburban and 
trunk-line electrification. 

A study is being made of the electrification of an important 
railroad in the East where the peak load occurs in the early 
morning hours, due to the schedule of getting the trains into the 
metropolitan terminal early in the morning. This should result 
in a high diversity factor for the central station for this type of 
load. 

There are some reasons why purchase of central-station power 
should prove of benefit to the railway, which have not been 
brought out in the papers. Take, for instance, the cost of 
supplying service by the central station as compared with the cost 
of the railway company’s putting in its own generating station. 
If the railway furnishes its own supply it would have to build a 
plant at considerable expense, namely, a modern plant of the day 
in which it is designed and built. However, past history would 
indicate that in a ten-year period that plant would be relatively 
uneconomical as compared with plants built at later dates. 
Under central-station supply additions to the generating capacity 
are continually made to take care of the rapidly growing load, 
where in many locations the load doubles in five- or six-year 
periods. Central stations, therefore, are continually building 
new and better plants with an advance in higher efficiency, with 
the use of larger turbine units, ete., bringing down the cost of 
power from year to year. The railway company, therefore, 
should benefit in future readjustment in rates when based on the 
cost of supply. 

There is another interesting fact in regard to suburban railway 
electrification and that is the rate of the growth of traffic is 
greater than prior to the electrification due to the greater ease and 
comfort in riding on the electric trains. 


O. K. Marti: I was very much interested in the paper by 
Messrs. Schuchardt and Vandersluis, especially since mention is 
made in it of the new converting equipment used, the mercury are 
rectifier. This is the first main-line electrification with such 
devices in this country. Further, because of its peculiar operat- 
ing conditions, this line imposes very high duties on the con- 
verting equipment, and it was therefore very interesting to learn 
more about the operation of the rectifiers. 

As we all know, rectifiers have a very high efficiency at high 
voltages. The efficiency at 1500 volts is much higher than that 
of any other converting device. Since rectifiers for 2400 and 
even 3000 volts are just as satisfactory in operation, it would be 
interesting to learn whether Mr. Schuchardt could give any 
information as to the possibility of operating such a railroad 
as the Illinois Central at these higher voltages. 

Another thing which I should like to bring out, and on which 
I should like to hear some comments, especially from railroad 
engineers, is whether a higher voltage drop on the trolley wires 
would not be permissible, and whether this would not be more 
economical from many points of view. Thus far compounding 
windings have always been used on old converting equipment, 
and other means as well have been employed to keep the voltage 
as constant as possible. 

During the discussion of this paper Mr. Wright mentioned that 
a high load factor allows a smaller unit to be used for converting 
alternating to direct current, and is therefore very desirable. It 
seems to me that by allowing a high voltage drop in the ma- 
chine we would get a still better utilization of the units, especially 
if the converting devices are distributed along the system instead 
of being concentrated in one place. 

This directly relates to the question of the location and spacing 
of substations, namely, should rectifiers be grouped in substations 
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of comparatively large capacity or would it be more economical 
and advisable to locate them along the railroad line, distributed 
in smaller stations. An extensive railroad system which is at 
present being electrified is the Berlin Rapid Transit, which 
consists in part of a belt line uniting all the suburbs of Berlin. 
In this system the rectifiers are spaced very closely, and are 
located in the existing structure, in this case in the arches of the 
elevated structure supporting the tracks of the railroad. 

P. H. Hatch: Electrification has been so far tied up inti- 
mately with power supply. In the future, it seems to me, we 
should consider the effect of independently propelled locomotives 
similar to, and having the advantages of, the electric locomotive 
but without the complications of the distribution system. 
I refer to the Diesel electric locomotive or the straight Diesel 
unit. It promises the combined advantages of the electric 
equipment. In the future what effect will this have on our 
power requirements? ; : 

Another problem is the question of standardization of fre- 
quency for railroad power supply. Those of us who are using 
the 25-cycle single-phase system are wondering if 60 cycles 
becomes standard what we will do for power conversion. Will we 
have to supply rotating machinery for converting our power? 
If such is the ease, then some of the advantages of a-c. electrifica- 
tion in this country may not be entirely realized. 

R. F. Schuchardt: The question Mr. Marti has asked me 
should have been asked of Mr. Vandersluis since it involves the 
railroad’s choice of electrical system. Mr. Vandersluis will 
probably, howevér, agree with me that to go into this question at 
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all would be to open up the entire subject of systems for railroad 
electrification, which is quite beyond the purpose of this meeting. 
However, it might be worth while to point out to Mr. Marti that 
among the deciding factors in the selection of trolley voltage, 
the efficiency of the substation equipment is not a paramount 
one. 

W. M. Vandersluis: Our paper was prepared especially to 
bring to the attention of the power companies the necessity of 
studying the power needs of steam railroads contemplating elec- 
trification and meeting those needs squarely in offering their 
services. That the railroad requirements are different has been 
clearly brought out in the paper and in the discussion. 

The agreement in question, covering service to an electrified 
steam railroad at seven different points and with all the required 
feeders to the right-of-way line, is the first of its kind. Natu- 
rally, it was entered into by the railroad company with some mis- 
givings at times as to how it would work out. The length of the 
agreement so indicates, although it would have been much 
simpler if left entirely to the engineers of the two organizations. 

It has been in operation for over two years and so far nothing 
has come up to indicate the necessity of any particular change in 
its various clauses. This is due not so much to the wording of the 
agreement as to the spirit of cooperation evidenced, we believe, 
by both parties in their desire to understand and meet the service 
requirements of each. 

Power companies contemplating similar services to electrified 
steam railroads can profit by the attitude of the companies in 
question and the results obtained. 
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‘Effect of Street Railway Mercury Arc Rectifiers 
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Synopsis.—This paper describes the effects experienced on the 
telephone circuits from the two mercury are rectifier substations 
recently installed in Bridgeport, Conn., and shows in table form the 


relative magnitude of the interfering effects between rotating equip- 


E application of the mercury arc rectifier for 
supplying power to street railway systems is now 
attracting a great deal of attention. In consider- 

ing such an installation the question naturally arises 
as to its effect on communication circuits. In December 
1927 all the current for the operation of the street 
railway system serving the territory in and around 
Bridgeport, Conn., was obtained for the first time from 
two mercury arc rectifier substations. A comparison 
of the relative interfering effects on the telephone 
circuits between this method and the previous method 
used for energizing this railway system was obtained 
and is described in this paper. 

Both substations were not placed in operation at the 
same time, there being an interval of about four months 
between the installation of the larger station at Bridge- 
port and that of the smaller at Stratford. During 
this interval the larger rectifier station was operating 
in parallel with the rotating equipment of the old 
generating station for a short period of time only. 
Measurements of the interfering effect of the noise 
experienced on the various types of local telephone 
circuits were made just prior to the placing in service 
of the first rectifier station and immediately after each 
substation was connected on the line, as well as after 
temporary remedial measures were applied. The mea- 
surements obtained under these various conditions of 
energizing the railway system are shown in the ac- 
companying tables. 


TYPE OF TELEPHONE PLANT 


The Bridgeport exchange is a multi-office area served 
by three sub-offices, two of which are in the same 
building located in the business center of the city within 


- one-quarter of a mile of the larger rectifier substation. 


The third sub-office is located in Stratford, approxi- 
mately four miles from the Bridgeport central office 
building and within a quarter of a mile of the 
smaller rectifier substation. The interoffice trunk 
circuits connecting the Stratford telephone office with 
the Bridgeport main telephone offices are in under- 
ground lead-covered paper-insulated cables and with 
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the exception of about one-half mile are parallel to 
and in the same streets with the railway system. See 
Fig. 1. 

All subscriber telephone circuits on the same streets 
with the railway circuits are in lead-covered cables or 
twisted pair wire. The greater portion of the cable 
plant is inunderground construction, although there are 
several relatively long runs where the cables are on 
poles jointly occupied with street railway circuits, and 
in a few instances on the same poles with both positive 
and negative railway feeders. There are no open- 
wire telephone circuits on the same streets with the 
street railway circuits. 


The types of telephone service provided include 
standard individual line service on which metallic 
ringing is used, standard two-party selective and 
four-party semi-selective service, and private-branch- 
exchange service. In the selective service both the 
two-party and the four-party semi-selective types are 
provided. 

It might be well to describe in some detail the signal- 
ing circuit used with the selective type of service. 
Fig. 2 shows the schematic wiring for a two-party 
selective circuit. It can be seen that each side of the 
telephone circuit is connected through a condenser, 
usually of 1 u f. capacity, and then a ringer to ground. 
The ringer has a d-c. resistance of at least 1000 ohms 
and an impedance at 800 cycles of over 30,000 ohms. 
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This connection to ground is used only for ringing 
purposes and not for transmitting the voice frequencies, 
as may be judged from the impedance in the ringing 
circuit to ground. With this arrangement the bell at 
one station can be rung independently of the one on the 
other side of the circuit. 

The four-party semi-selective service is similar to the 
two-party service described above except that two 
stations are connected to each side of the circuit. 
With this arrangement, however, both bells on the 
same side of the line are rung when the ringing current 
is imposed on that particular side of the circuit. In 
the case of the individual-line service, signaling is 
obtained on an all-metallic basis by bridging the bell 
circuit across the telephone line. 


STREET RAILWAY SYSTEM 


The street railway system consists for the most part 
of a double-track system with the rails and earth, 
supplemented along some of the routes with negative 
feeders, as the return circuit. Fig. 1 shows the rail- 
way system within the Bridgeport and Stratford 
city limits and the relative locations of the two rectifier 
substations. An interurban line extending to New 
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Haven is furnished power from the Stratford substation 
for approximately half the distance or about seven 
miles. Another interurban line runs to Norwalk and 
is furnished power from the Bridgeport rectifier station 
for only about eight miles of its entire distance. 

At the Bridgeport station there are five six-phase 
rectifiers which are energized from a 18,900-volt, 
three-phase, 60-cycle power line and deliver 600 volts 
direct current to the street railway system. Each 
rectifier is rated for 2000 amperes. Two similar type 
rectifiers are in the Stratford substation operating 
under the same conditions and in parallel with the 
Bridgeport station. 


At the time of the writing of this paper a temporary 
filter had been installed in the street railway circuit 
in the Stratford rectifier station, but none had been 
installed at the Bridgeport rectifier station, although 
permanent filters were in the process of manufacture 
for both stations. 


METHOD OF MAKING MEASUREMENTS 


In order to determine the interfering effect experi- 
enced by the telephone subscriber under normal 
operating conditions, all measurements were made 
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from the receiver terminals of the telephone instrument 
with the circuit connected through the switchboard to 
another telephone set located in the central office 
building. Measurements were obtained for various 
conditions that would be found in the practical opera- 
tion of the telephone system. Such a condition, for 
example, is where two stations, due to the cancellation 
of the service or to the moving of the subscribers, have 
to be disconnected from a standard four-party semi- 
selective circuit leaving two stations connected to the 
same side of the circuit. This gives the maximum 
unbalance produced in this type of apparatus under the 
various operating conditions. 


RESULTS OF MEASUREMENTS 


Prior to the cutting into service of the Bridgeport 
rectifier station, measurements of the noiseon telephone 
circuits under various conditions were made at some 
140 locations in Bridgeport and 50 locations in Strat- 
ford. After the installation of the rectifiers, measure- 
ments were made only at representative locations. 

In Table I is shown the magnitude of noise obtained 
before and after the Bridgeport rectifier was cut into 
service in parallel with the rotating machinery in the 
old generating station. These measurements are 
representative of the general noise situation on the 
local telephone circuits. 


TABLE I 
NOISE UNITS 
R-(T & R) R-(T) R-bridged 2-R (T) 
Location 
Bridgeport 
A 
B 
C 
D 
E 
F 
Ave. 
Stratford 
A 
B 
(e) 
Ave. 
R-(T & R) = Ringer and condenser connected from each side of circuit 
to ground. 
R-(T) = Ringer and condenser connected from one side of circuit 
to ground. ; 
R-Bridged = Ringer bridged across circuit, no ground connection. 
2-R (T) = 2 Ringers with their associated condensers connected from 
one side of circuit to ground. 
(1) = Before rectifier was cut in. 
(2) = After rectifier was cut in. 


The measurements on the private-branch-exchange 
trunk circuits also showed an increase in the order of 
125 per cent, but with the exception of three cases this 
increase was not sufficient to impair the telephone 
service seriously. In these three cases it was found 
practicable to take care of the noise by rearrange- 
ments in the telephone plant. 

On the day the Bridgeport rectifier was cut into 
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service, complaints were received from a number of 


telephone subscribers on account of the noise. The 
private-branch-exchange subscribers were the first 
to report the interference which in most cases was due 
to the large increase in the noise obtaining before the 
central office operator answered. This noise was 
greatly reduced, however, after the connection was 
completed. In order to reduce the noise level on some 
of the other circuits it was necessary to clear up some 
slight unbalances in the telephone plant which would not 
have had an appreciable effect with the rotating generat- 
ing equipment furnishing the power. 

There were no appreciable effects noted on the Bridge- 
port-Stratford interoffice trunk circuits. 

When the Stratford rectifier station was put into 
service there was no appreciable effect noticed on the 
telephone circuits in Bridgeport except for a small area 
near the exchange boundary along Stratford Avenue, 
but in Stratford, especially along Stratford Avenue 
between the two rectifier stations as shown in the shaded 
area on Fig. 1, the noise effects were greatly increased 
and the reactions from the telephone subscribers more 
serious. The Bridgeport-Stratford interoffice trunk 
circuits, however, showed no appreciable effects. 

After this installation three times as many complaints 
were received from telephone subscribers as were 
received when the Bridgeport station was installed. 
Most of these complaints were from party-line sub- 
scribers. 

Table II gives a general idea of the noise conditions 
before and after the Stratford rectifier was installed 
as well as the results obtained after installing a filter 
in the railway circuit. 


TABLE II 
R-(T & R) R-(T) R-Bridged 2-R (T) 


Location 
Stratford 


(1) Power from old generating station. 
(2) Mercury arc rectifiers at Bridgeport and Stratford. 
(3) Same as (2) but with rectifier and filter at Stratford. 


WAVE ANALYSIS 


A wave analysis of the noise experienced showed 
360,- 720,- and 1080-cycle components with the 360 
cycle the most prominent. This latter is the funda- 
mental frequency, in this instance, of the ripple in the 
rectified d-c. voltage wave and is equal to the product 
of the fundamental frequency of the supply line (60 
cycles) and the number of secondary phases of the 
rectifier (6 phases). 

The amount of these harmonic currents flowing over 
the railway distribution system is a function of the 
harmonic e. m. f. generated and the load characteristic 
of the system. Under these conditions, the most 
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practicable means of limiting the fiow of these dis- 
turbing harmonics on the railway system, and by so 
doing limiting their interfering effect on the telephone 
circuits, was to install a filter on the load side of the 
rectifier. This means of reducing the disturbing 
harmonics has been used to advantage in other places 
where the railway current is obtained from mercury 
arc rectifiers. 


FILTER EQUIPMENT 


The first filter equipment installed in the Stratford 
substation was only temporary, but similar electrically 
to the proposed permanent equipment which was in 
the process of manufacture for both substations. 

The equipment consists of a 0.7 millihenry series 
reactor inserted in the negative return circuit at the 
station. This reactor acts as a choke to the harmonic 
currents and of course must be able to carry the entire 
load current furnished by the station. There are also 
three resonant shunts connected between the positive 
and negative sides of the railway circuit on the load 
side of the reactor in order to by-pass harmonic current 
at 360, 720, and 1080 cycles, thereby reducing the 
voltages applied to the line at these frequencies. Each 
of these resonant shunts has a 2 millihenry air-core coil 
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in series with a bank of condensers. Tuning is ac- 
complished at each frequency by varying the capacity 
until the harmonic line voltage is a minimum. The 
capacities obtained for resonance were 105, 28, and 12 
pu f., respectively. The condenser banks are built 
up of 1 yf. units made to withstand 600 volts direct 
current indefinitely. See Fig. 3. 


RESULTS OF FILTER INSTALLATION 


The effect of the filter on the noise levels in the 
telephone circuits in the Stratford exchange area was 
quite appreciable and the complaints from the tele 
phone subscribers dropped to only a few cases in the 
shaded area along Stratford Avenue. The noise 
measurements obtained are shown in column 3 of 
Table Il. Measurements made with the temporary 
filter installed in Stratford indicated that a large part 
of the remaining noise, given under column 3, resulted 
from the unfiltered rectifier at Bridgeport. It is 
expected that when a filter is also installed in the 
Bridgeport substation a further reduction in the noise 
levels in this particular area will be obtained. 


CONCLUSION 


The magnitude of the interference from a given 
source, in this case the mercury arc rectifier, depends 
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on the distribution and type of plant of both the 
street railway system and the telephone system. As 
shown in Tables I and II, this is clearly indicated by the 
more serious reactions obtained on the same types of 
telephone circuits in the Stratford area than in the 
Bridgeport area. The type of rectifier installed in 
both areas is the same, but in the Stratford area a 
larger percentage of the telephone plant is in aerial 
cable construction with more joint pole line construc- 
tion with the railway circuits than in the Bridgeport 
area, where the degree of exposure between aerial 
telephone and street railway circuits is relatively small. 

From the experience obtained with the installation 
of the six-phase mercury arc rectifiers for the street 
railway system in Bridgeport and adjacent territory, 
it can be definitely stated that in general a street 
railway system energized by mercury arc rectifiers 
possessing no means of limiting the harmonic compo- 
nents has a greater inductive influence on neighboring 
communication circuits than when energized by rotating 
equipment. General experience has shown, however, 
that by means of properly designed filtering apparatus 


installed on the d-c. load side of the rectifier, the in-- 


ductive influence of such a rectifier may be reduced to 
a level comparable with that of rotating equipment of 
good wave shape. 


Discussion 

P.W.Blye: In connection with Mr. Daly’s paper, it may be 
of interest to outline briefly interference conditions which have 
resulted from the operation of mercury are rectifiers on street 
railway systems in other locations and to describe the work 
which has been done jointly by the telephone company and the 
electrical manufacturers in an effort to provide satisfactory 
measures for reducing these effects. In all cases of interference 
which have been investigated so far, the a-c. supply systems have 
been in underground cable or have not been involved in telephone 
exposures. The interference has therefore resulted from harmon- 
ies in the output side of the rectifier only. 

As pointed out in Mr. Daly’s paper, the ripple in the output 
voltage of @ mercury are rectifier consists of a fundamental 
component and its harmonies, the frequency of the fundamental 
being equal to the product of the frequency of the supply system 
and the mumber of secondary phases. In the case of a six- 
phase rectifier operating from a 60-cycle supply system, the 
principal alternating components in the output voltage and 
current, from the standpoint of inductive coordination, would 
therefore be a fundamental having a frequency of 360 cycles and 
ite second and third harmonies having frequencies of 720 and 
1080 cycles respectively. From measurements made on a num- 
her of 600-volt rectifiers in the field, the average magnitudes of 
these three components have been found to be as follows: 


BOO cycles...e...-, 32 volts 
720 eycles...-.-... & volts 
1080 cycles ........ - 3.5 Volts © 


The a-c. components impressed on the trolley and feeder 
system by « rectifier are, of course, a function of the above 
voltages and the impedance of the system. The impedances of 
the systems investigated so far have been found to be inductive 
reactances which tend to suppress the higher frequency current 
components. Ina representative location in which severe induc- 
tive interference was experienced, the most important a-c. 
components in the trolley and feeder system were found to be 
a8 follows: 


DALY: MERCURY ARC RECTIFIER 


Transactions A. I. E. E. 


DOO ee 17.5 amperes 
720......... 2.0 amperes 
1080..... .... 0.5 ampere 


Experience so far has been chiefly with 6-phase rectifiers. A 


limited amount of experience with 12-phase rectifiers has indi- 


eated that while the inductive effects are less than with 6-phase 
devices there is an inductive coordination problem here also. 

In single substation areas the individual stub-end feeders offer 
a relatively high impedance to the alternating currents generated 
by rectifiers. In the ease of tie feeders connecting rectifier sub- 
stations with other stations in which rectifiers or rotating equip- 
ment are in operation, however, this terminal apparatus pro- 
vides a low impedance path for the alternating currents and 
relatively large currents may be expected in such feeders. A 
somewhat similar situation exists in the case of single substation 
areas where main feeder routes are involved. The most serious 
cases of interference may therefore be expected from tie feeders 
of this character. 

Coordination between exposed telephone circuits and street 
railway trolley and feeder systems such as these which, of course, 
employ a ground return, is difficult owing to the fact that power 
system transpositions are impossible. 

During the past year, interference has been experienced from a 
number of rectifier installations in this country and in Canada. 
While practically all types of telephone service have been affected, 
the most serious effects have been noted in the case of inter- 
office trunk circuits, party-line subscribers’ circuits, and private- 
branch exchange systems. 


The severity of the interference, of course, varies considerably 
with the separation of the power and telephone systems. The 
most severe effects have been noted on telephone circuits carried 
in aerial eables on the same poles with the trolley system feeders. 
Serious effects have, however, been noted in long exposures on 
similar aerial cables located several hundred feet from the trolley 
system. In a majority of cases the noise has been found to be 
due to electromagnetic effects resulting from a-c. components 
in the feeder system. 


In one of the most severe cases of interference, noise was 
measured on party-line circuits in the affected area of the order of 
1000 to 2000 units. On interoffice trunk circuits in this area, 
noise of from 1500 to 2000 units was observed. A number of 
P.B.X.’s was also seriously affected and while conditions in these 
cases were improved somewhat by measures taken in the tele- 
phone plant, it was not possible to reduce the noise to a satis- 
factory level by this means. Several other similar cases of 
severe interference have been experienced as well as a number 
of cases of a less acute nature such as those in Bridgeport and 
Stratford, covered in Mr. Daly’s paper. 


During the past year cooperative studies have been carried on 
by the manufacturers and the telephone company on methods of 
improving the wave-shape of rectifiers. This work has indicated 
that the most effective arrangement is a filter employing a series 
reactor and a number of shunt branches tuned to the frequencies 
of the various alternating components to be suppressed. In 
such a filter the series reactor must carry the full d-c. output of 
the rectifier. The shunt condensers must withstand the maxi- 
mum voltage to be expected on the system. These condensers 
and the shunt coils must carry continuously alternating voltages - 
generated in the rectifier divided by the reactance of the series 
reactor. 


In one of the cases in which severe interference was experienced 
the filter arrangement used was the same as the temporary in- 
stallation at Stratford described by Mr. Daly. This filter 
proved entirely satisfactory as a means of reducing the inter- 
ference, the important alternating voltage and current compo- 
nents and, therefore, the induced noise, being reduced in ratios of 
the order of 10:1. Installations of a generally similar type have 
been made in other locations, and in each case the telephone 
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cireuit noise has been reduced to a level comparable to that 
experienced with the rotating equipment formerly used. 

The permanent filters for the Connecticut rectifiers have only 
recently been installed and complete measurements of their 
effectiveness have not yet been made. Preliminary measure- 
ments in the Stratford Area indicate, however, a reduction in the 
noise of approximately 8:1. 

The results of the cooperative work so far have indicated that 
satisfactory coordination can be effected between telephone cir- 
cuits and the d-c. street railway circuits when the latter are 
supplied either by rotating equipment or by rectifiers equipped 
with suitable filters. 

R. G. McCurdy: Mr. Daly’s paper on the effect of mercury 
are rectifiers on communication circuits treats the matter of 
coordination between the street-railway feeders and trolley 
system, and local telephone circuits. He has shown that it is 
practicable to coordinate such street railway and telephone 
systems when mercury are rectifiers are used as the converting 
equipment and provided suitable filters are employed with the 
rectifiers. The matter of the effect of the mercury arc rectifiers 
on coordination with a-c. supply lines has not been covered. 

Inductive coordination difficulties so far experienced by the 
Bell Telephone Companies with power circuits employing mer- 
eury are rectifiers have been confined to the d-c. side. The a-c. 
feeders to the mereury are rectifiers have either been in cable or 
else in relatively short overhead feeders not involved in any 
extensive exposures with telephone circuits. 

In connection with various tests which have been made on 
rectifier installations in cooperation with the manufacturers and 
operating companies, considerable data have been gathered 
on the effect of the rectifiers on the wave shape of the a-c. system 
from which it is supplied. This has indicated that the six-phase 
mercury are rectifiers take an alternating current having a tele- 


_ phone interference factor, in the case of 60-cycle systems, of from 


300 to 500. There are present all the odd non-triple harmonics, 
being the harmonies immediately below and immediately above 
the even harmonics appearing on the d-c. side. The experience 
with 12-phase rectifiers has been less extensive but it is expected 
that the harmonics and the telephone interference factor will 
be lower than with 6-phase rectifiers. 

The wave-shape distortion introduced into the a-c. voltage 
wave will, of course, depend upon the impedance of the a-c. 
system from which the rectifier is supplied. In a large system 
with comparatively short feeders, the distortion in the voltage 
wave will be comparatively small. With comparatively long 
feeders or a system of small size, considerable voltage distortion 
may be experienced. 

Where overhead lines supplying mercury are rectifier loads are 
involved in exposures with open-wire telephone lines, the dif- 
ficulties of inductive coordination will be greatly increased over 
that experienced with the usual type of load. The degree of 
difficulty will increase with the increase in voltage and current 
telephone interference factors caused by the use of the rectifier. 
This problem is much more likely to be met with in cases of 
interurban electrifications or electrifications of main line rail- 
roads involving a-c. transmission over considerable distances 
than in street railway installations where the a-c. feeders will 
more often be in cable. 

J. W. Milnor: It may be of interest to mention the experi- 
ence of the Western Union Telegraph Company in connection 
with interference from installations of mercury are rectifiers. 

These remarks will be confined solely to inductive interference 
with telephone-circuit operation. We have not yet found any 
serious interference with the types of telegraph circuit now 
generally employed in handling the company’s business. Our 
general experience indicates that interference from the trolley 
(d-c.) side of a rectifier installation is severe to telephone circuits 
if filters are not employed. Such interference, however, is 
mitigated considerably by the employment of the type of filter 
which Mr. Daly described. 
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Mr. Daly has confined himelf to the discussion of interference 
from the trolley (d-c.) side, and it is here I think that one’s 
impression might be somewhat misled, if some mention were not 
made here concerning the other effects. The telegraph company 
has been concerned with one case where its line is paralleled by 
both the a-c. and d-c. sides of a rectifier system. The 6th, 12th, 
and 18th harmonies were found to be reduced by the filters, but 
the interference remaining was found to be severe at harmonies of 
the frequency of 5, 7, 11, 13, 17, and 19 times the fundamental 
(60 eycles). You will note that these frequencies are one har- 
monic removed above and below the 6th, 12th, and 18th which 
are characteristic of rectifier operation from a 60-cycle source. 
I regret that our investigations have not proceeded far enough 
so that we can present a more detailed discussion of this odd- 
harmonic induction, possibly to be attributed to the a-e. side of 
the rectifier system. 

Our experience indicates that it is most desirable that further 
investigation be made so that we may have a better under- 
standing of the matter of proper inductive coordination for 
rectifier installations. It is to be hoped that manufacturing 
companies and utilities contemplating the use of rectifiers where 
communication circuit parallelisms are involved, will give con- 
siderable thought to this matter prior to making a choice as to the 
type of equipment to be used in providing direct current for 
propulsion circuits. 

O. K. Marti: In regard to Mr. MeCurdy’s discussion I 
should like to mention that interference due to an a-c. line supply- 
ing rectifiers is probably to be feared only if the entire load 
consists of rectifiers. In case the a-c. supply line also furnished 
power to other apparatus, such as motors, lights, etc., the recti- 
fier load will not produce a distortion of the alternating current 
to any considerable degree. Since in almost every case some 
other load is connected to the line supplying a rectifier, this 
problem does not seem to be so serious. Besides, in cities and 
larger towns all the supply lines are brought into the substations 
in cables, which again will eliminate the possibility of inter- 
ference with communication circuits. Due to the fact that the 
rectifier load is always a three-phase balanced load, the third 
harmonic and its multiples are eliminated from the line current 
by the transformer connections used. There is no residual line 
current and therefore very little possibility of interference. 
Further, it might be possible to improve conditions, where inter- 
ference does exist, by alternately connecting a rectifier in delta 
and another one in star on the primary side, as this method of 
connection might filter out some of the harmonics. 

W.B. Hall: Ishould like to show an oscillogram, taken at the 
Congress St. Substation, of the actual waves whose effects the 
previous speakers have been analyzing. E 

At very light load, the direct voltage will consist of successive 
peaks of the six-phase sine waves, as each anode carries the load 
alone for one-sixth of a cycle. The variation in voltage is from 
0.866 to 1.000 or 13.3 per cent. 

With heavy load (as shown in the top curve of the oscillogram, 
Fig, 1), the reactance of the six-phase transformer causes the 
anode which is carrying the load to continue to supply current, 
and causes the incoming anode to pick up the current gradually, 
so there is a period of overlapping during which two anodes are 
sharing the load. During this period, the direct voltage is as 
much below the incoming anode’s sine wave as it is above the 
outgoing anode’s sine wave, since the outgoing anode is dropping 
its load at the same rate that the incoming anode is picking it up, 
and therefore L oe for one equals L a for the other. Hence 
the direct voltage follows a line exactly halfway between the two 
sine waves, as shown in Fig. 2, until the current in the outgoing 
anode has entirely ceased, when the direct voltage suddenly 
jumps to the sine wave of the incoming anode. The variation 
here is more than the 13.3 per cent, the amount depending upon 
the length of the period of overlap which depends upon the load, 
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But this is the wave of voltage variation, which could cause 
interference only by capacity coupling. The effect of capacity 
coupling at 600 volts is negligible. Most of the interference is 
by inductive coupling with the direct current. This current 
goes mainly to series motors which are highly inductive and draw 
a current wave much smoother than the voltage wave (see feeder 
current in the oscillogram). These oscillograms are all taken 
without the d-c. filter in service. 
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This direct current is supplied successively by each anode in 
turn. Hence each anode supplies a direct current for 60 deg., 
then none. The anode current then is one rectangular block 
60 deg. long for each cycle (see oscillogram). 

The transformer primary current is the same as the anode 
current. But since the primaries are delta-connected, the line 
current has two successive anode current blocks init. Hence the 
a-c. line current consists of a rectangular wave for 120 deg., 
then zero for 60 deg. and soon. The curve marked a-c. primary 
current shows this, superimposed upon the transformer exciting 


current. These changes in line current are much more severe 
than the changes in the d-c. wave, and they are not remedied by 
inductance in the load or by .d-e. filters. There would be much 
more inductive interference from the a-c. line than from the d-c. 
output, with equivalent exposure. Of course, the exposure of 
telephone lines to power lines is usually much less than to d-c. 
feeders and trolley wires. 

The oscillogram (a-c. volts) shows the effect of this current 
wave on a-c. line voltage. 

J.J. Smith: Mr. Daly points out in his conclusion that the 
interference from a given source depends on the distribution and 
type of plant of both the street-railway system and telephone 
system. The rectifier by nature of the mechanism through which 
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it converts alternating current into direct current gives rise to 
harmonies in the d-c. voltage wave. If it were possible to 
obtain a rectifier which did not produce harmonies there would 
be no problem of telephone interference. On the other hand, 
even though harmonies are present in the power system, there 
would again be no problem of this type of telephone interference if 
the telephone lines were perfectly balanced. The real problem 
of interference is therefore to reduce the harmonics on the power 
system and the unbalances on the telephone system as far as is 
economically practicable. 

On making a comparison in Table I under R-(7 & R) 2 and 
2-R (7) 1 it will be noted that the average noise units in each 
case are approximately the same although one set of measure- 
ments was made when the rectifiers were operating and the other 
set before the rectifiers were cut in. It will also be noted that 
with the rectifiers operating the average noise units in the tele- 
phone lines varied 3 to 1 due to the different degrees of balance 
in the telephone circuit. 

While in theory any desired reduction in the 360-, 720-, and 
1080-cycle components may be obtained by the use of reactors 
and resonant shunts, the addition of such equipment adds to the 
costs of the rectifier and the d-c. reactor introduces losses into 
the circuit, lowering the efficiency. It is, therefore, undesirable 
to make this apparatus any greater than is absolutely necessary. 


Thus it would appear that the problem of interference from 
mercury are rectifiers is a mutual one between the telephone 
engineers and the power engineers. The telephone engineers 
can reduce the noise considerably if they find means to take care 
of the unbalanced arrangement of selective ringers referred to 
in the paper, under 2-R (7) for instance, while the power engi- 
neers can assist in the reduction by the addition of filtering 
equipment. 


It would be very interesting if Mr. Daly would amplify his 
paper slightly to give some idea of the exposures of the telephone 
lines to the trolley lines. I assume that the difference in noise 
units at different points is due to the different exposures of the 
telephone lines. In order to bring the data into a form in which 
they might be used for comparison with other rectifier installa- 
tions, it would also be necessary to give the magnitude of the 
harmonics in both the voltage and-current in the d-c. wave form 
of the rectifier. 


In Fig. 3 in the paper the capacities and inductances given do 
not tune for the 6th, 12th, and 18th harmonies of 60 eycles. 
I find on checking up that the points at which they tune are 
347, 675, and 1030 cycles. This is probably due to the fact that 
the coils are only approximately 2 millihenries. It might be 
well, however, to state this as it might lead to some confusion 
in the minds of persons reading the paper. 

C. J. Daly: I feel that Mr. Marti is unduly optimistic as to 
the effect of reducing the harmonics by means of other loads 
connected to the a-c. line supplying a rectifier. It would be 
necessary that the impedance of such loads be small as compared 
to the impedance of the transmission line or feeder in order tc 
produce any large reduction in the magnitude of the harmonic 
components transmitted over the line or feeder. It is also essen- 
tial that the telephone exposure should not be located between the 
rectifier and these low-impedance loads. 


In reference to the discussion by Mr. Hall, experience has 
shown that the induction from the d-e. side arises principally 
from the current harmonics. While these currents are small 
compared to the load current, as indicated by the oscillograr 
shown by Mr. Hall, the inductive effects are proportional to the 
magnitude of the harmonic components and not proportional tc 
their values relative to the d-c. load current. As will be noted 
from the various values given in Mr. Blye’s discussion, values of 
360 cycles of the order of about 18 amperes have been noted wher 
filters were not employed in the d-e. side. 


I am somewhat uncertain as to the meaning of the term 


ot. 1928 


squivalent exposure” used in Mr. Hall’s discussion. It is 
ident, however, that if the a-c. feeders consisted of one wire 
ith rail return as in the case of the d-c. side, the interference 
om the a-c. side would be much more severe. 

Mr. Smith’s assumption that the difference in the noise values 
xperienced on the telephone circuits was due to the difference 
1 the degree of exposure is correct. For example, in the case of 
he telephone circuit to the A location on which 800 noise units 
vere experienced, the exposure was much more severe than in the 


ase of the telephone circuit to the C location where 110 noise - 


nits were obtained. The former circuit is in underground 
onstruction which parallels the railway tracks for about one- 
yuarter mile and then extends in aerial cable for a distance of 
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about one-half mile on the same pole line with both positive 
and negative railway feeders. The latter telephone circuit is 
approximately one-half mile in length, entirely in underground 
eable construction with an exposure of about one-quarter of a 
mile to the railway tracks. 

Tn reference to the resonance points of the capacities and induc- 
tances, it may be pointed out that the coils are only approxi- 
mately 2 millihenries and the capacitance values given are in 
terms of the nominal values of the condenser units. The actual 
capacitance may vary from these nominal values in the order of 
one per cent. As explained in the paper the branches were 
adjusted to be in resonance at the actual frequencies of the vari- 
ous harmonics to be reduced. 
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Rocky River Hydroelectric Development 


Of The Connecticut Light and Power Company 
BY E. J. AMBERG: 


Associate, A. I. E. E. 


Synopsis.—This paper describes the Rocky River hydroelectric 
development of the Connecticut Light and Power Company, near 
New Milford, Connecticut, which is a storage development for 
regulating the Housatonic River below New Milford. 

There are no sites on the main river suitable for a large storage 
reservoir. It was therefore necessary to select a site on a tributary, 
the Rocky River. The run-off from the natural drainage area of the 
reservoir basin furnishes only a part of the water required to fill the 
reservoir, making it necessary to pump the balance from the Housa- 


HE Rocky River hydroelectric development of 
4p the Connecticut Light and Power Company has 
created considerable interest among technical 
as well as non-technical men, as a project for regulating 
the flow of the Housatonic River below New Milford, 
Connecticut. Briefly, the development consists of a 


Fie. 1—Mapr or Connecticut 


Showing the system of the Connecticut Light and Power and Associated 
Companies, and their interconnections 
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storage reservoir created on Rocky River, a tributary 
of the Housatonic, with a power and pumping plant 
on the Housatonic River; the power and pumping plant 
being connected by a single penstock with the reservoir. 

Fig. 1 shows the location of the Rocky River develop- 
ment in relation to the system of the Connecticut Light 
and Power Company and its associated companies. 
Fig. 2 shows, on an enlarged scale, the vicinity of the 


1. Research Engineer, The Connecticut Light and Power 
Company, Waterbury, Conn. 

Presented at the Northeastern District No. 1 Meeting of the 
A.J. EH. E., New Haven, Conn., May 9-12, 1928. 


tonic River against a maximum head of 240 ft. This is the first 
large application of pumped storage in the United States which 


‘accounts for the general interest shown in the Rocky River 


development. 

The first part of the paper deals with the factors which have to be 
considered in determining the economic possibilities of such a 
development. The second part of the paper is a description of the 


main features of the development itself. 
* * * * * 


Rocky River development. The Rocky River basin 
is located north of Danbury and west of the Housatonic 
River, and the site of the development is approximately 
114 mi. by state highway from the nearest railroad 
station at New Milford. The basin has a drainage 
area of approximately 40 sq. mi., eight and one-third of 
which are covered by the storage lake. The branches of 
the Rocky River heading near Danbury flow north to 
meet the branch of the river which heads near Sherman 
and flows in a southerly direction. From the junction 
of these branches, the river flows north through marshy 
flats which form the bottom of the reservoir, to a point 
214 mi. from the junction of the Rocky River with the 
Housatonic, wherein Rocky River falls about 200 ft. 
over a rocky bed. The shores of the reservoir are for 
the most part steep and rocky, rising to elevations of 
from 500 to 1000 ft. They are well covered with second 
growth timber together with some virgin timber in the 
more inaccessible locations. 


The unusual features of this development lies in the 
fact that the drainage area of the reservoir basin will 


Fig. 2—Ovuriinge Map or Rocky River REesERVOIR 


supply only about 1.5 billion cu. ft. of water in an 
average year while the useful capacity of the reservoir 
is 5.9 billion cu. ft. All water above the natural run- 
off required to fill the reservoir must be pumped from 
the Housatonic River against a head varying from 200 
to 230 ft. While considerable excess hydro energy will 
be available for pumping, the studies and investigations 
for this development are all based on using secondary 
steam energy for pumping, to be supplied from the 
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Devon steam station of the Connecticut Light and 
Power Company. 

The Rocky River reservoir may be likened to a large 
storage battery. Charging the battery is accomplished 
by secondary steam energy from Devon driving two 8100- 
hp. centrifugal pumps, delivering water to the reservoir. 
The battery is discharged by means of the 30,000-kv-a. 
generating unit delivering primary hydro energy. 
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Fic. 3—Hyproaraprus or THE Housatonic River 


Showing hydrographs and superimposed flow duration curves for a low 
water year, a high water year, and an average water year 


The efficiency of this storage battery for changing 
secondary steam energy into primary hydro energy is 
61 per cent; this includes all losses from the 66,000-volt 
bus at the Devon Steam Station through the pumping 
units into the reservoir and back through the generating 
unit to the 66,000-volt Rocky River bus. In other 
words, for every 100 kw-hr. supplied by the Devon 
Steam Station in filling the reservoir, 61 kw-hr. are 
delivered by the Rocky River generating unit, when the 
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water is drawn out again. We must not, however, 
overlook the fact that below the Rocky River plant 
there is an additional total average head of 191 ft. 
available, of which 71 ft. is efficiently developed at 
Stevenson. If the head at Stevenson is added, then 
for every 100 kw-hr. of steam energy, 79 kw-hr. of 
hydro energy are returned. If the total head from 
Rocky River to tide-water is added, 111 kw-hr. of hydro- 
energy could be obtained from every 100 kw-hr. of 
steam energy used in pumping. 

Before going into a more detailed description of the 
Rocky River project, it is desirable to review, briefly, 
two factors which are essential to understand the basis 
upon which Rocky River has been developed. These 
two factors are: the hydrology of the Housatonic 
River, and the general character of the system load 
curves of the Connecticut Light and Power Company. 

It is generally known that the rivers in the eastern 
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Fig. 4—Powrr Duration CURVES FOR THE COMBINED 
Ovrrut or Butts BripGE AND STEVENSON STATIONS WITHOUT 
Reaquiation By Rocky River DrveLoPpMENntT 


Typical low water year 1914.5 255.5 cece ewer as 
Typical high water year 1916.................... 
Typical average water year 1921................. 


Drainage Net head Kw.per cu. Installed 
area inft. ft. per sec. capacity 
Bulls Bridge........ 782sq.mi. 104 6.27 7,200 kw. 
Stevenson.......... 1510sq.mi. 71 4.40 18,750 kw. 
26,000 kw. approx. 
Rocky River........ 35 sq. mi. 214.2 av. 
Power— 15.55 
Pumping 25.35 


Regulation by Rocky River development to produce 11,000 kw. firm 
24-hr. capacity, expressed in kw-hr. 


Low water year High water year Av. water year 


Rocky River output 31,100,000 kw-hr. 7,400,000 kw-hr. 17,400,000 kw-hr. 
1Stevenson output 8,800,000 kw-hr. 2,100,000 kw-hr. 4,900,000 kw-hr. 


Total output...... 39,900,000 kw-hr. 9,500,000 kw-hr. 22,300,000 kw-hr. 
1. Generated at Stevenson on water discharged from Rocky River 


part of the country have a very irregular flow, unless 
some natural or artificial means exists for regulation. 
The Housatonic River, with which we are concerned, 
had no means of regulation; the stream flow shows very 
wide variations, as can be seen from Fig. 3, showing 
hydrographs and duration flow curves for a typical wet, 
average, and dry year. From the hydrographs, it is 
quite evident that the only period of the year when any 
reliance can be placed on the river flow is in the Spring- 
time. The rest of the year the flow is quite irregular. 
While frequently a somewhat larger flow may be ex- 
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pected in the Fall, there is no certainty of it, as shown 
for the dry year, where the low water condition con- 
tinued right to the end of the year. With the river 
plants at Stevenson and Bulls Bridge operated in con- 
junction with the Rocky River storage plant the 24 hr. 
firm power of the hydro system is 11,000 kw. Fig. 4 
shows the unregulated power duration curves for a 
typical dry, wet, and average year, limited by the in- 
stalled capacities of the Stevenson and Bulls Bridge 
stations which together total 26,000 kw. The regu- 
lated 24 hr. firm power of 11,000 kw. obtained by the 
addition of Rocky River is also shown. The respective 
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areas between the 11,000 kw. regulated firm power and 
the power duration curvesrepresent theenergy which has 
to be furnished from storage. The amount required in 
each year varies considerably, being 9,500,000 kw-hr. 
in the wet year and 39,900,000 kw-hr. in the dry year. 
Of these amounts, 78 per cent is produced by the Rocky 
River station and the balance at Stevenson, generated 
from the water released from Rocky River station. 

By applying the 24-hr. firm power of 11,000 kw. to 
the upper half of the load curve, as shown in Fig. 5, 
curve 1, the total installed hydro capacity of 50,000 
kw. can be used as firm capacity. Before regulation 
by Rocky River, the combined firm capacity of the 
Stevenson and Bulls Bridge stations was only 10,000 
kw. although the installed capacity was 26,000 kw. 
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Therefore, by installing a 24,000-kw. generating unit 
in the Rocky River station and by regulating the river 
the firm hydro capacity has been increased by 
40,000 kw. 

To obtain maximum benefit from such a storage 
development, it is necessary to apply it to that part of 
the load requiring the smallest number of kilowatt 
hours. This brings us to the second factor, the load 
curves. 

When plotting system loads in the form of an annual 
duration load curve we will find that there is a decided 
peak. The reasons for this pronounced peak on the 
duration load curves, vary; in metropolitan districts 
the short-time lighting peaks are largely responsible; 
on systems like the Connecticut Light and Power 
Company where there are no short time peaks, of any 
extent, the seasonable changes in load are responsible. 
In the latter case, what appears as a very short-time 
peak on the duration load curve is the result of the 9-hr. 
day loads of the maximum days. 

It can readily be seen that a different method of 
applying the hydro power is necessary in the two cases 
of peak load. In the first case of the metropolitan 
area, a weekly, possibly even daily, storage capacity will 
take care of the individual peaks, permitting the utiliza- 
tion of the river for actual demand without any seasonal 
storage. On the other hand, to take care of peak con- 
ditions on a system like that of the Connecticut Light 
and Power Company, seasonal storage in addition to 
weekly pondage is required. This seasonal storage is 
being provided in our case by the construction of the 
Rocky River storage reservoir. 

Fig. 5 shows two annual duration load curves; curve 1 
represents the present approximate combined load of 
the Connecticut Light and Power Company and 
associated companies, while curve 2 shows the expected 
combined load for the year 1931. The upper half of 
load curve 1 and load curve 2 for that matter, contains 
only 18.2 per cent of the total kw-hr.; the load factor 
of this part of the load is 17.2 per cent. The advantage 
of applying the hydro generating capacity to the peak 
of the load and the steam generating capacity to the 
base of the load is quite evident from a study of this 
load curve. Assuming that the total load has increased 
50 per cent as indicated by curve 2 on Fig. 5, the same 
number of hydro kw-hr. represented by area A 2 would 
permit a firm hydro capacity of 65,000 kw. as against 
50,000 kw. firm capacity of curve 1; or 15,000 kw. firm 
capacity could be installed without increasing the 
storage facilities. Additional capacity can often be 
installed at a low cost per kilowatt in existing plants, 
thus lowering the average unit cost per kilowatt of 
hydro capacity. 

Such a storage development as Rocky River has 
therefore some inherent values which can be increas- 
ingly realized as the load increases. 

Aside from the features discussed above, hydro plants 
have another great advantage in that they provide 
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standby capacity which can be made available in a 
fraction of the time required at a steam station, because 
to get up steam and warm up a turbine requires time 
unless boilers are kept in service and excess turbine 
capacity is kept on the line to take care of sudden load 
demands. 

With the means of regulating the stream flow below 
Rocky River, it will be possible to develop the full head 
on this section of the river, which will then produce a 
total 24 hr. firm power of approximately 23,000 kw. 

The hydro capacity will again be applied to the upper 
half of the load curve, which from curve 1 on Fig. 5 
shows a load factor of 17.2 per cent. In order to take 
care of possible changes in the load curve we will make 
an arbitrary increase in the load factor of one-third, 
which will change this load factor to 23 per cent. With 
a 23 per cent load factor and a 24 hr. firm power of 
23,000 kw. it will be possible to increase the total 
installed hydro capacity to 100,000 kw. by developing 
the full head of the river between tide-water and Rocky 
River. 

The second 24,000-kw. unit at Rocky River is in 
addition to the 100,000-kw. capacity above referred to; 
its main function will be to act as a spare unit, which 
can be made instantly available. The second unit can 
be installed at a low unit cost including the raising of the 
reservoir level which will add approximately one billion 
cubic feet to the useful storage capacity. 

From the above can be seen that the Rocky River 
development has a considerable increased future value, 
by making it possible to develop the full head below 
Rocky River as the load of the system of the Con- 
necticut Light and Power Company and associated 
companies increases. Without Rocky River further 
economic development of the river would have been 
impossible. 

In concluding the first part of this paper an account of 
water utilization at Rocky River and Stevenson stations 
for a typical average year seems in order. 

As stated before with a full reservoir the water level 
will be at elevation 430 ft. The normal allowable draw- 
down is 30 ft., or to water level elevation at 400 ft. 
In this 30 ft. of draw-down, 5.9 billion cubic feet of 
water are taken from the reservoir. This amount of 
water, in going through the Rocky River generator will 
produce 24,200,000 kw-hr. 

From the power duration curve for an average year 
in Fig. 4, it will be seen that 22,300,000 kw-hr. must be 
generated by water from Rocky River to maintain the 
24 hr. firm power of 11,000 kw. . Of the total of 
22,300,000 kw-hr. the Rocky River station will furnish 
17,400,000 kw-hr. while the remaining 4,900,000 kw-hr. 
are generated at the Stevenson station by the water 
discharged from Rocky River station. The amount of 
water that must be taken from the reservoir in order to 
produce 17,400,000 kw-hr. at Rocky River station is 
approximately 4030 billion cu. ft., based on an average 
figure of 15.55 kw. per sec. ft. 
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The water used for refilling the reservoir falls into 
two classes with two subdivisions in each class. 

1. Run-off water from the Rocky River drainage 
area; this is subdivided into 

a. Water held back at a time when it would have 
spilled over the Stevenson dam. 

b. Water held back at a time when it could have 
been used at the Stevenson station. 

2. Water taken from the Housatonic River and 
pumped into the reservoir, subdivided into 

a. Water taken from the Housatonic River at a 
time when this water would have spilled over the 
dam at Stevenson. 

b. Water taken from the river at a time when this 
water could have been used at the Stevenson station. 
The following is a brief summary of the amount of 

water obtained from each subdivision for an average year. 

1. The run-off from the Rocky River drainage area 
in an average year based on a net area of 35 sq. mi. is 
1.6 billion cu. ft. 

a. Thedaily discharge records for theaverage year 
show that there are 58 days of the year when the flow 
of the river equals or exceeds 2.86 cu. ft. per sec. per 
sq. mi., the flow necessary to produce 24 hr. full- 
load at Stevenson. The run-off during the 58 days 
amounts to 0.84 billion cu. ft. This amount of water, 
when finally released from the reservoir will utilize the 
additional head at Rocky River as well asat Stevenson. 
_b. . Thedifference, or 1.6—0.84 = 0.76 billion cu. ft., 
is Rocky River run-off that is caught in the reservoir 
at a time when the river flow was less than 2.86 cu. ft. 
per sec. per sq. mi. This amount of water, when 
finally released, will utilize the additional head of the 
Rocky River station only. 

2. The total amount of water to be pumped in an 
average year is 4.03—1.6 = 2.43 billion cu. ft. The 
possible number of pump hours per week with two 
pumping units available is 336 hr. Load conditions, 
however, will normally limit the actual pump hours per 
week to 200 hr. which corresponds to an average pump- 
ing rate of 298 cu. ft. per sec. as against the maximum 
possible rate of 500 cu. ft. per sec., which is the capacity 
of the two pumps. 

a. The daily discharge records for theaverage year 
show that there are 58 days of the year when the flow 
of the river equals or exceeds 2.86 cu. ft. per sec. per 
sq. mi., the flow necessary to produce 24 hr. full-load 
at Stevenson, and 45 days when the river flow equals 
or exceeds 3.16 cu. ft. per sec. per sq. mi., the flow 
necessary to produce 24 hr. full-load at Stevenson after 
an average of 298 cu. ft. of water per sec. has been taken 
from theriver at the Rocky Riverstation. Theamount 
of water pumped during this period is 1.32 billion cu. 
ft. This water when released from the reservoir will 
utilize the additional head at the Rocky River and 
Stevenson stations. 

b. To completely fill the reservoir, an additional 
amount of 2.430—1.325 = 1.105 billion cu. ft. of water 
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must be purmped at 2 time when the river flow is less 
than 2.36 cu. ft. per sec. persq. mi. This water when 
released from the reservoir will utilize the additional 
head of the Rocky River station only. 


TABULATION SHOWING SUMMARY OF WATER USED FOR 
FILLING THE ROCKY RIVER RESERVOIR 
IN AN AVERAGE YEAR 


Will use 
“gaditional” Will use 
Amount head of “additional” 
of water Rocky head of 
Claast- billions River Stevenson 
flexion Water of cu. ft. station station 
———— $$ — 
i @) | Res-off exceeding fall 
load florw 0.340 Yes Yes 
L (Py) Kon-off below fall-ioad 
flow 0.760 Yes No 
2 G Pumped water exceed | 
mg fulllcad flow ' 4.2235 Yes Yes 
Zz & Pumped water below 
fullisad flow 1.105 Yes No 
Total 4.088 | 


DESCRIPTION OF THE Rocky RIVER DEVELOPMENT 


Reservoir ond Dams. The storage reservoir or lake 
is about 10 mi. long and 124 mi. across at the widest 
part. It has 2 surface area of 814 sq. mi. and a shore 
line of approximately 60 mi. The creation of a lake 
of this size made it necessary to abandon and relocate 
highways and homes. Approximately 31 mi. of high- 
way were abandoned and 914 mi. of new and relocated 
highway were built. Six cemeteries were relocated. 
Outside of several surmmer colonies located around the 
four ponds included in the basin, only 35 families with 
permanent residences were affected by the construction 
of this reservoir, which is an unusually small number 
considering the area covered. The bottom of the 
reservoir was for the most part swampy ground, and 
4500 acres were covered with woods. 

The main dam is located across Rocky River at a 
point about one mi. above its junction with the Housa- 
tonic River. It is an earth filled dam with a core wall. 
The lower part of this core wall consists of a two ft. con- 
eretesection which extends on theaverageten feet above 
and an average of five feet below the ground surface. On 
top of this concrete section was placed a six in. Wake- 
field core wall (timber) reaching up to elevation 435 ft. 
On the west end, the conerete core wall was located in 
solid rock. This rock, however, dropped off rapidly 
below the surface at the location of the old river bed; 
from this point the core wall continued in earth. Fig. 6 
showing a cross-section and plan of the dam gives a 
better idea of its construction than a lengthy detail 
description. 

To take care of Rocky River during the construction 
of this dam a concrete conduit approximately 4 by 5 ft. 
was located near the original river bed. A small 
auxiliary earth dam with wooden sheet piling was 
erected across the river bed near the entrance to this 
concrete conduit, to create a small pond from which 
water could be pumped for the sluicing operation. The 
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intake to this concrete conduit was equipped with a 
heavy wooden gate hinged at the top, used for closing 
off the flow through the conduit after completion of the 
dam. The material for the dam was obtained from the 
canal excavation, and was placed in the dam by sluicing. 
The relative elevations were such that only a very small 
quantity could be sluiced directly. So practically all 
of the material was excavated with drag lines and placed 
into large piles. It was then sluiced from these piles 
down into the dam. However, after the dam had 
reached a certain height, the slope in the sluicing line 
became insufficient; this was partly due too, to the 
increased distance of the drag line from the dam. 
When this point was reached the material was sluiced 
to a pumping plant located at elevation 375 ft. Before 
being delivered to the pumps, the material was passed 
through a revolving screen which eliminated all stone 
over 6 in. in diameter. 

On the dam itself, a gasoline driven drag line was 
utilized to throw up small dikes on each edge to hold 
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Fia. 6—P.Lan anp Cross-Section or THE Main Earto Dam 


the water within the dam and give the sluiced material 
a chance to settle. Near the center of the dam was a 
concrete chimney with openings which acted as over- 
flows for the sluicing water. The chimney connected 
at the bottom with the concrete conduit under the dam. 
As the dam came up the openings were closed up. The 
dike along the canal was constructed in a similar 
manner, as it constitutes practically an extension of the 
main dam. 

To take care of some low points in the rim of the 
basin five smaller dams were necessary. Two of the 
dams are near Danbury. Both are earth dams of the 
same general design as the main dam. The material for 
these dams had to be hauled in as there was no water 
available for pumping the material from the borrow 
pits. It was wetted down and rolled. The other 
three dams are located near Lanesville. The north and 
south Lanesville dams are constructed of concrete. 
The so-called Lanesville Gap was closed by an earth 
dam similar in design to the main dam. Seamy rock 
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at the west end of this dam presented considerable — 


difficulties in obtaining a tight job. The concrete 
section on which the 6 in. Wakefield core wall rested 
was considerably enlarged; in addition a considerable 
number of grout holes was put in the rock. The 
material was placed in this dam by sluicing. 

The crest of the main dam and the Danbury dikes is 
at elevation 442 ft., or 12 ft. above the present normal 
maximum reservoir level at elevation 430 ft. 

The crest of the dike at the Lanesville Gap is at 
elevation 440 ft. or 2 ft. lower than the crest of the 
main dam. This dike is located in a cove which prac- 
tically eliminates all wave action, which accounts for 
the 2 ft. lower crest. 


SS 
Fig. 64a—GeENERAL View oF Power House PENSTOZK AND 
SUBSTATION 


The present crest of the concrete section of the South 
Lanesville dam is at elevation 432 ft. and of the North 
Lanesville dam at elevation 431 ft. Each of these 
concrete dams is so designed that the concrete sec- 
tions can later be raised four feet at a nominal cost. 
This construction would be done in order to raise the 
level in the reservoir from 430 ft. to 485 ft., which 
would add approximately one billion cubic feet to the 
reservoir. The future maximum water level in the 
reservoir is 440 ft., or an increase of 10 ft. over the 
present level. However, to raise the level to 440 ft. 
would require considerable additional construction 
work. 

Intake. The canal leading from the _ reservoir 
to the intake was excavated for about 3300 ft. along 
the east bank of the valley. Terminating the dike 
in the side hill permitted the construction of a circular 
intake tower in the canal with only a short length of 
concrete conduit extending through the dike. Six 
equal intake openings are located in the half of the 
tower facing the canal. Each opening is protected by 
vertical trash racks provided with a compressed air 
rack raking device, and each opening can be closed by 
steel stop logs operated by means of manually operated 
hoists. A self-closing sliding Broome gate is located 
at the entrance to the concrete conduit in the tower 
and operated by electric hoist. Ample air-vents to the 
penstock are provided in the intake structure back of 
the gate. Necessary by-pass pipe connections are pro- 
vided to fill the penstock from the intake with the 
Broome gate closed, and for filling the intake from the 
canal with the steel stop logs in position. 
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Penstock. The concrete conduit, having an inside 
diameter of 16 ft., extends only a short distance from the 
intake tower to the wood stave pipe line. This wood 
pipe line has an inside diameter of 15 ft. and extends 
for approximately 1007 ft. along the hillside. The 
average gradient is 0.5 ft. in 100 ft. The intake tower 
and wood pipe line are of sufficient capacity for the 
installation in the future of a second generating unit. 
The wood pipe line joins a steel penstock Y-connection; 
one of the two branches is blanked off ready for a 
second penstock for the future unit, while the other 
extends a short distance to a Johnson differential surge 
tank. Freezing of the water in this surge tank is 
prevented by agitation with compressed air. The 
compressed air pipe line follows the penstock from the 
power house, branching off at the surge tank, and on up 
to the intake for the air raking device, as previously 
mentioned. From the surge tank the penstock drops 
down the hillside to the power house (Fig. 6A). The 
inside diameter varies from 13 ft. to 11 ft. just outside 
the power house, where there is another Y-connection, 
one branch for the generating unit and the other for the 


. two pumping units. Each branch has a Venturi section 


for measurement of flows. 
layout of the penstock. 
Power Station Building. Like most modern power 
house construction, the substructure of Rocky River 
plant is built exclusively of concrete, with a small 
amount of steel work to support the lighter floors. 


Fig. 7 shows the general 


Fie. 7—PuLaN AND PROFILE OF THE PiprE LINE AND PENSTOCK 


The foundation rests on bedrock, which was so close to 
the elevation desired, that little rock had to be taken 
out or extra concrete put in. The concrete barrel type 
of construction was used, wherein the entire weight of 
generator, shaft, runner, and hydraulic thrust is carried 
through a concrete barrel and the turbine speed ring, to 
the foundations. The south end of the building, re- 
ferred to as the switch bay, is supported on reinforced 
concrete columns. All the surface of the concrete 
substructure was coated with a water-proofing com- 
pound. 

The power house superstructure is of structural 
steel framework and brick. Precast gypsum slabs pro- 
vide the foundation for an asphalt built-up roof. All 
exterior trim of the building is of precast cement blocks. 
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There are four floors in the switch bay with a control 
cable terminal room below the first floor. The first 
floor is the control room with the switchboard. The 
second floor contains the 13,200-volt pump motor bus 
and switching, and the third and fourth floors are used 
for the 4600-volt distribution bus and storage battery 
room. 

Hydraulic Equipment. The hydraulic equipment 
of the power station consists of one 33,300-hp. vertical 
shaft turbine and two 8100-hp. vertical shaft centrifu- 
gal pumps. A noteworthy feature of the turbine is the 
cyclinder gate which replaces the more conventional 
Butterfly or Johnson valves for directly shutting off the 
flow of water to the turbine. This cylinder gate is 
built in the turbine in the annular chamber between the 
pit liner and the speed-ring. Itis operated from a valve 
on the generator floor which controls the admission of 
water under penstock pressure to the annular chambers 
above the valve. Positive mechanical locking devices 
hold the valve in either a full, open, or closed position. 

Theturbineis equipped with a 110,000 ft. Ib. actuator 
governor located on the generator floor, arranged to 
operate the turbine gates by two cylinders in the tur- 
bine pit. Oil is supplied to the governor system at 
200 lb. per sq. in. by an a-c. motor driven screw pump. 
The governor of this unit consists of a centrifugal speed 
element driven by a synchronous motor. 

The centrifugal pumps, as far as I could find out, are 
the largest in the United States. The pump specifica- 
tions called for a rating of 112,500 gal. per min. (250 
cu. ft. per sec.) delivered against a maximum head of 
240 ft. In the discharge line of each pump is a hydrau- 
lic cylinder operated Dow pivot valve. The intake to 
each pumping unit can be shut off by a self-closing 
Treadwell gate, and each intake is equipped with 
vertical trash racks with air raking device. Provision 
is made for the insertion of stop logs in each pump 
intake, and in the two openings of the turbine draft 
tube. 

Electrical Equipment. The generator is of the 
standard vertical water-wheel type with shaft end 
exciter. It is rated at 30,000 kv-a., 80 per cent power 
factor, 13,900 volts, 3-phase, 60 cycle, 200 rev. per min., 
with direct connected exciter rated at 154 kw., 250 
volts, compound wound with interpoles. The pump 
prime movers are vertical synchronous motors rated 
at 7900 kv-a., 80 per cent leading power factor, 13,200 
volt (with voltage range of 5 per cent above or below) 
3-phase, 60 cycle, 827 rev. per min. Pump motor and 
spare excitation is furnished by two motor-generator 
sets each consisting of a 150 kw., 1200 rev. per min., 
250 volt, compound wound d-c. generator with inter- 
poles direct connected to a 225-hp., 220-volt, 3-phase, 
60-cycle, squirrel-cage induction motor. 

The shaft’ of the generating unit is of two sections, 
one for generator and one for turbine, with forged half 
flanged sections bolted together upon installation. 
The turbine shaft has one guide bearing of the babbitted 
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type mounted on the turbine crown plate. Lubrica- 
tion is provided from a self contained gear pump driven 
from the main shaft. For emergency operation a 
float controlled rotary d-c. motor driven auxiliary oil 
pump is provided. The generator shaft has a Kings- 
bury thrust bearing with copper cooling coils and an 
upper and lower guide bearing of the babbitted type. 
The lubricating system for the generator shaft bearings 
consists of a gear pump, driven from the main shaft 
and located in the lower guide bearing oil pan. 

The shaft of the pumping units is one piece forged 
steel with a Kingsbury combined upper guide and 
thrust bearing with copper cooling coils mounted on 
the upper spider designed to support the total weight 
and thrust; and a guide bearing between motor and 
pump, supported in a cast iron frame of heavy section 
bolted at the bottom to the upper head of the pump. 
Lubrication of all bearings on each unit is automatic 
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Fic. 8—SinGue-Line WirinG Diagram or Rocky River PLANT 


from a motor driven gear pump, with a similar pump 
for spare for each unit. 

Station and Substation Equipment. 
ing there are five distinct groups: 

a. 4600-volt indoor local distribution bus 

b. 383,000-volt outdoor tie-in bus for Bulls Bridge 
station 

c. 66,000-volt outdoor main station bus 

d. 18,900-volt indoor bus for pumps 

e. Station service busses. 

A single line wiring diagram, Fig. 8, shows the general 
arrangements. 

a. The 4600-volt bus is for distribution of power to 
the New Milford district. It was installed in the Rocky 
River power station so as to bring it under the super- 
vision and control of the Rocky River power plant 
operators. 

b. The 38,000-volt outdoor bus afforded the most 
economical arrangement for connecting the Bulls 
Bridge station (upstream from Rocky River about 8 
mi.) to 66,000-volt main transmission system. At the 
same time this bus provides the means for later distribu- 
tion of power, at a voltage higher than 4600 volts, to 
the more remote points of the New Milford district. 


Under this head- 
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ce. The 66,000-volt outdoor substation consists of a 
main and a transfer bus with switching equipment for 
the two 66,000-volt 3-phase lines to Waterbury, the 
30,000-kv-a. transformer bank stepping down to 13,900 
volts and the connection to the transformer banks 
stepping down to 33,000 volts and 4600 volts respec- 
tively. Space was left in the bus structure so that each 
of these two banks can be equipped with a separate 
circuit breaker. The 30,000-kv-a. main transformer 
bank has two oil circuit breakers, one of which acts as 
transfer breaker. Although the generating voltage is 
13,900 volts the main station voltage is 66,000 volts. 
If it were not for the two pumping units there would be 
no bus and no switching equipment at 13,900 volts. 
As a matter of fact the second generating unit will be 
connected directly to its transformer bank as indicated 
on the wiring diagram in Fig. 8. The 66,000 volt 
side of the 30,000-kv-a. transformer bank is Y-connected 
and solidly grounded. The 13,900-volt windings are 
provided with 40, 50, and 60 per cent taps to obtain with 
an open-delta connection, approximately half voltage 
for starting the pumps. 

d. The 13,900-volt indoor substation as mentioned 
above is for the sole purpose of supplying power to the 
pumping units. There are two busses, a full voltage 
running bus and a half voltage starting bus. The 
connections from the transformer bank to the busses 
are made with single conductor cables. The generator 
leads are connected to the running bus through a set 
of disconnecting switches with provision for a future oil 
circuit breaker. On the generator side of this tap is a 
non-automatie oil circuit breaker to disconnect the 
generator from the transformer bank before it is used to 
supply power to the pumps from the 66,000-volt bus. 
The two oil circuit breakers connecting each pumping 
unit to the starting and running busses are interlocked. 

e. Station Service Busses. A 230-volt, 60-cycle, 
3-phase bus supplies power primarily to the two motor- 
generator sets, the battery charging set, the sump 
pumps, air compressor, station lighting, ete. The main 
250-volt, d-c. or exciter bus is, at present, divided into 
two sections, one for the generator, the other for the 
two pumps. The 250-volt d-c. emergency bus is 
supplied from one of the two motor-generator sets. 
The governor oil pump and the emergency turbine oil 
pump are normally connected to this bus; if power fails 
they are automatically switched over on to the 250- 
volt d-c. battery bus. All the control circuits and small 
d-c. motors in the plant are connected to the battery 
bus. The control battery was purchased large enough 
so that it can perform the double function of control 
battery and storage battery. 

The fact that the plant is a peak load plant and that 
the pumps can be shut down for short periods without 
serious consequences and further that the generating 
unit is never operated at the same time as the pumps, 
made it possible to eliminate many duplications and 
reserve equipment which otherwise would have been 


necessary. 
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Miscellaneous Equipment. Inasmuch as part of the 
substructure of the plant is always below the water 
level in the Housatonic river, a sump was provided to 
collect any water which might possibly leak or seep 
into the basement. The sump is also connected to 
the draft tube of the generating unit and the intakes of 
the two pumps. All connections to the sump are 
controlled by hydraulically operated valves. Two 
500-gal. per min. pumps are used for removing the 
water from the sump. An air compressor and pressure 
tank supply the air for the station, including the trash 
rack raking devices and the surge tank previously 
mentioned. Flow meters are installed to measure the 
water from the pumps and the water to the turbine. 
The water levels at the canal intake as well as in tail-race 
are recorded. Watthour meters record the output from 
the generator, the energy used by the pumps and for 
general station use. : 

The Rocky River development was designed and 
built by the U. G. I. Contracting Company of Phila- 
delphia for the Connecticut Light and Power Company 
in close collaboration with the engineering staff of 
the Connecticut Light and Power Company. 


ADDITIONAL SUMMARY OF HYDRAULIC EQUIPMENT 
Main dam. Length 952 ft., maximum distance from top to 


foundation 100 ft. 

Earth fill. 367,800 cu. yd., 6 in. Wakefield core wall—31,000 
sq. ft. 

Canal dike. Length 2815 ft., earth fill, 332,000 ecu. yd. 6 in. 


Wakefield core wall—52,000 sq. ft. 

Canal. Length 3190 ft., excavation 708,200 cu. yd. Slope 
of sides generally 1 on 2 on cut side, 1 on 3 on dike side; 
Top elevation of dike 442 ft. Bottom 20 ft. wide at elev. 
385 ft. 

Danbury dikes. 

Lanesville gap dike. 


Earth fill, 59,000 eu. yd. 

Earth fill, 18,000 eu. yd. 

North Lanesville spillway. 175 eu. yd. concrete. 

South Lanesville spillway. 742 cu. yd. concrete. 

Wood pipe line. Approx. length 1007 ft., inside diameter 15 ft.; 
staves 4 in. by 6 in., tie rods % in. and 1 in. spaced 4 in. 
to 534 in. 

Steel penstock. Approx. length 670 ft., inside diameter 13, 12, 
and 11 ft., thickness of steel plates 34 in. to 34 in. 

Surge tank. Johnson differential type. Shell diameter 28 ft., 
shell height 76 ft., riser diameter 9 ft., riser height 73 ft., 
orifices 4 ft. 4 in. diameter and 6 ft. 3 in. diameter. 

Dow pivot valves. Diameter 54 in.—hydrauliec cylinder operated. 

Sliding intake gate. Self closing Broome gate 18 ft. 6 in. by 
18 ft. 10 in. Opening 16 ft. diameter. 

Sliding suction intake gates. Treadwell gate 6 ft. by 7 ft. 


Discussion 


P. M. Lincoln: I should like to ask a question with regard 
to the last paper. There were certain figures which Mr. Amberg 
gave us on efficiencies reaching something over 100 per cent for 
certain conditions. I should like to ask whether or not those 
figures take account of evaporation. The matter of evaporation 
in a reservoir such as this where the water is stored over a period 
of years, must be a very important matter and must, of course, 
be considered carefully in the matter of calculating over-all 
efficiency. It strikes me the figures given are rather high, 
particularly if evaporation is to be considered. 

J.D. Justin: I want to speak of Mr. Amberg’s paper on the 
Rocky River Development. This development, due to its 
pumping feature, is entirely unique in America. However, in 


Earope there have been some 35 or 9) plants that have been bailt 
alene sumewhat smiiar Hees. One of these phanis has a head of 
3) fi_ amd _there are two Stawaze reserves. Ome of them is 
Seated at the tail-water level and the other ome forms the head- 
Water with 59) fi. between them. ‘The ecapaciiy of each reser- 
Wor is extremely cmall_ only enous for dally operation. All this 
Dians does ai night when there isn’t amy peak load is to pump the 
Water up im the reserve ai the top 4=Then over the peal-load 
ered. the water comes down and sues thromzh the tarbimes and 
Dredmees emerzy om the peak of the lead. The capeciiy of that 
Gant © sheet ISLOOD bp = There are £ ants, 45.000 bp apiece 
The pampe are somewhai lerver than those ai Rocky River and 
pomp 69) «s_ fi. of water a see. each. 

Ii seems te me rather remarkable thai a phani bike this. Known 
as the Henestey Pilani m the Rubr,. Gaemany. would be ecomomi- 
ely justigable m the heart of a coal resion_ 

The capeetty of the reserve was less than 100,000,000 ea. ft: 
a ea ren, seh es enor Seg meepeeny at ioe Aaag 
River reserva. 

I tek there wall be 3 sood many more Rocky Rives mm 
America beeamse there & an coomomic application for planis of 
Ges ed sm opie of ofl the advance @ the sicam plants, of 
appieatiom for peak-nad hydro plants where the cost of pemping 
small part of the altermate maimtemance eoct os the sicam plant 
that would have to be provided io carry such peaks 

C. L. Cate: (commmm=caied after adjoerement) The Rocky 
River development sve: further than the Swiss pumped-siorage 
plants ie that caleulattons Rave been based om using steam 
eemetaied power for pumpiag_ 

Ne data are stvem om the local sturaze ai Ball's Bridge of 
Stevenson but with ordimary day-to-day pomdaze ii ik moi clear 
bow 30.000 bw. irm power is to be obtaimed from the three hydro 
Diamts as stated om the third page. 

The author states thai om the system of the Connecticut Light 
and Power Company there are no short-time peaks of amy exieni 
but that the system peak is the result of maximum 9-br. day loads 
for whaeh seasonal chances mm load are respomsible. This would 
indieate that darme seasoms of matimum load ihe lad would 
be maitaimed ai of mear the peak for 9 br. per day recalting m 
daily load factor of 3734 per cemi om the bydro planis. 

The 1914 bydrocraph shows 6 months with an average run-off 
of shout 0.3 eo. fi per see. per sq. mi and 3 monihs with an 
average of 02 en. ft persee. These Secures would indiesie maxi 
mum lead factors of 2D.4 per cent and 13.6 per cent respectively, 
at Ball's Bradee_ 

Corresponding Sicures for mataral ran-o@ at Sicvenson woald 
be 10.66 per cent and 7_1 per cent to which would be added water 
from the Rocky River plant operaiime at 3714 per cent load 
factor. This would increase the possible load factor ai Stevenson 
by 13.6 per cent giving effective lead factors of 24.96 per cent and 
AT per cemt which are both well below the 37 14 per cent required. 
More waicr could be gut io Stevenson by imereasing the daily 
load factor at Rocky River but this would dissipate storage at a 
faster rate than allowed for m Mr. Ambere’s calealations as given. 

Pig. 5 shows om the lower curve representing present load a 
load factor of over 73 per cent for steam-cenerated power. If 
to this is added the sicam required for pumping water the 
resulting load factor om the steam plant would apparently be 
over 90 per cent which seems somewhat hich for a yearly load 
factor om steam equipment. 

E. J. Amberg: In givime the figures for efficiencies and so 
forth. the very first thing we have done is to subtract from the 
rumo@ enough water to take care of evaporation. In other 
words, that 1500000000 ea. ft of water that we ect im an 
average year from run-of is the net run-off after subtracting the 
run-od from 5 sq- mi. to take eare of evaporation. We did that 
im order not to complicate the ealeulation of the studies afterward. 

Now I want to add just a few words to what I said before in 
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the application of such storage reservoirs. There are some 
advantages that can’t be pat down im dollars and cents. One 
advantage is that you have a generating unit which is instantly 
available in ease of breakdown of another unit on the system. 
¥m a steam plant, to do that you have to carry additional turbine 
eapacity and additional boilers on the line, and even then you 
ean’t always pat en the machine quickly enough to save the 
shetdown. 

There iS another feature in the development. I showed 50 
per cent of the lead carried by the hydro plant. That is the 
waier under the extreme condition. In other words, if we had a 
load of 100,000 kw. we have 50,000 Ew. in hydro units, we have 
30,000 Ew. let me call it_im active steam units and then we have 
10,000 or 20.000 Ew. im reserve steam units. 

Now, im setual practise we would not operate 50,000 kw. of 
hydro capacity. We would operate first our steam units In 
our reserve in the hydro which of course would give us mare lee- 
way om thai Imited 24-hr. firm hydro capacity that we had. 
Tastead of ranning the hydro capacity down toe 30.000 kw. we 
would only run it down to 60.000 kw. (Fig. 5) which would 
probably take off 30 per ceni of the energy that was in the shaded 
area and leave that much as an additional safeguard on the 
pemping scheme. 

We have now on our sysiem m Connecticat a load factor 
of SO per cent which gives a fairly large base for the upper half 
of the load curve (Fig. 5). On account of the high system load 
factor we are Inmited im application to a 50:50 rafio between 
hydro and steam capacity. If the load factor on our system 
were only 35 per cent we could then with the same amount of 
primary hydro energy available develop more than 50,000 ke. 
im capacity. In other words we could obtain a ratio of say 
60 to 40 as between hydro and steam or even better than that. 
From this it ean be seen thai systems with a lower annual lead 
factor than we have could make a better use of such a pamped- 
Storage development because they could install more hydro 
capacity and to that extent imerease the value of the development 
over and above the value which it represents on the Connecticut 
Light and Power Company system. 

Mr. Cate in bis diseussion poimts out that for the extreme 
condition of maximum system load and minimum flow of water 
im the river the Rocky River Plant will have to be operated 
beyond the 9-hr. period in order to release sufficient water for the 
Stevenson Plant to produce its fall share of the load. This 
Statement for the extreme condition is correct but I should not 
call it a disSpation of storage and it certainly is not dissipated 
faster than allowed for im our calealaiions. In studying lead 
carves we also find that the maximum hour occurs only once a 
year and that even for the day of maximum hour the 9-hr. 
average is considerably less than the maximum hour. We 
further find that the average of the other days in the week 
which had the maximum peak is considerably below the maxi- 
mum peak so that the matter is not as serious as it would appear 
throughout a week or more. The answer to this particular 
problem is the duration load eurve shown in Fig. 5 which in- 
dieates clearly that the high loads do not and cannot oceur very 
frequently because the load drops off rapidly. 

The distinction I wanted to make is between having 15-min. 
or half-hourly peaks scattered over many days or to have the 
same equivalent energy concentrated in a maximum week of the 
Fear as is the ease on our system. 

On account of the high loads being “bunched” in our case it is 
necessary to Store the water from one season of the year to 
another. 

Our calculations absolutely were figured to take eare of the 
most €Xireme condition. This most extreme condition will 
happen only once in probably 50 years because it will require a 
coincidence of maximum output week and maximum peak 
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load falling together; further it would require minimum river 
flow at the same time and it would further require that the 
reserve steam unit was out of.commission. I have pointed out 
as one of the advantages of the hydro system the fact that under 
practical operating conditions the spare capacity would not be 
kept in the steam plant as assumed when making the study of 
this development but would be kept in the hydro plants and 
the spare steam unit would be actually used for daily operation. 
In this way the requirements on the hydro system would be very 
materially reduced. : : 

Mr. Cate also questions the high load factor for the steam- 
generated power. In connection with this I simply want to 
eall attention to the fact that this is the load factor of the power 
generated by steam but is not the station load factor because 
the reserve capacity is kept in the steam plant and if we compared 

_the output of the steam plant based on 100 per cent use of 
its full installed capacity with the kilowatt-hours actually 
generated with the capacity actually required to carry the load 
we would obtain a station load factor which is considerably 
below that shown in the paper. 


THE APPLICATION OF RELAYS FOR THE PROTECTION 
OF POWER SYSTEM INTER-CONNECTIONS' 
(L. N. Cricuton ann H. C. Graves, Jr.) 
New Haven, Conn., May 9, 1928 

O.C. Traver: The pilot wire scheme has been given a 
reasonably clean bill by Messrs. Crichton and Graves, although 
it is clear that the only important objection thereto is the cost of 
the pilot conductors. The exceedingly prompt action in case 
of internal faults and freedom from tripping on any external 
trouble is winning increasing favor in spite of this handicap. 

For the longer transmission lines, carrier current may be a 
solution to the problem, as, by its use, we may secure a similar 
result without the need of the auxiliary wires connecting the two 
ends of the line, and I will try to give a crude mental picture 
of the principle of the carrier-current scheme as we are interested 
in it at Schenectady, and as it is being tried out by the Ohio 
Power Company at the present time. The plate supply of the 
oscillator is taken directly from the current transformer and 
accordingly oscillation can occur only on the positive half wave, 
and is transmitted half the time, that is, on each half cycle. 
At the receiving tube, the plate supply is again taken from the 
current-transformer secondary so that current can only flow 
through it each half cycle and then only if the grid potential 
permits. This grid is controlled by the carrier from the far 
end with the result that the plate current flows only in case 
the instantaneous directions of the main currents at the two 
ends of the line are alike, thus indicating a sound feeder. Under 
these conditions, the over-current relays are simply restrained 
from functioning. 

Should a fault occur on the protected line and the instan- 
taneous directions at the two ends, therefore, be in opposition, 
the receiving tube plate current would not flow, and the over- 
current relays would be free to trip the breaker. If this line 
should be down, short-circuited, or broken, so as to prevent the 
passage of the carrier, then the failure of the carrier to appear 
at the receiving end would leave the over-current relays free to 
operate and thereby give complete protection. 

In other words, by simply matching the instantaneous direc- 
tion of the currents at the two ends of the line, we ean tell 
whether the current going in is also going out at the same time, 
under which condition we say it is all right, or whether it is flow- 
ing inward from both ends, which is all wrong, or whether by 
chance it is going in one end and the other end is passing nothing, 
in which case we can, and do, take out the end carrying any 
eurrent worth considering. We ean secure operation within 
\%sec. This quick action is of great importance as all operating 
engineers know. (For a full description, see ‘A Carrier Current 
Pilot System of Transmission Line Protection, by A. 8. Fitzgerald, 
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A.1. E. E. Quarterly Trans., Vol. 47, No. 1, Jan. 1928, p. 22.) 
This paper indicates that many operating engineers hesitate 
about installing differential protection where many bushing- 
type current transformers must be connected in parallel in bus 
protection. Bushing transformers of the high ratio usually 
involved in such protection are generally as good as any. 

I think there is no question of the more rapid action of bal- 
anced current protection as compared with impedance relays, so 
far as available equipment is concerned. Speed, again, is the 
important consideration, and balanced current relays have it. 
The impedance relay has a compensating advantage in that it 
ean a little more simply care for the remaining single line. 

The fault-detecting relay suggested by the authors involving 
two extra relays (over-current and undervoltage) does not seem 
as simple as one combining the two functions. Relays of the 
standard over-current type are available in which there is pro- 
vided a voltage restraining action that simply changes the mini- 
mmum operating current and leaves the time features as they 
were. This, of course, is in the nature of an impedance relay, 
but it is known by the descriptive name “‘Over-current-Under- 
voltage Relay.” If, on a system, you need to care for a con- 
dition involving short circuits under light load conditions which 
are lower than the load currents at another time, this over- 
current-undervoltage relay will give the accustomed time 
characteristics but with a sliding current setting which is auto- 
matically adjusted by the system voltage. 

In regard to the polyphase directional relay, I want to thank 
the authors for a very good defense of the practise which the 
General Electric Company has followed for some ten years back. 
We quite agree that the polyphase relay is a good one and hope 
they continue to make proper use of it. 

I like the impedance-relay principle and believe more will be 
heard of it as conditions require, but the complication of Fig. 25 
does not appear justified from any general point of view. Of the 
sixteen relay elements shown, the one ground relay can do from 
90 to 95 per cent of the work. The table in Fig. 8, making its 
comparison on the basis of this unusual condition, is accordingly 
of very little value for the average system. 

L. N. Crichton: Referring to Mr. Traver’s discussion, the 
carrier-current relay protective scheme, which his company is 
interested in, is quite ingenious, and J am sure everyone is going 
to wateh it with interest. It has a few disadvantages but so does 
every relay scheme, and I imagine it will be no harder, and 
perhaps easier to overcome those troubles than those of some 
other relay schemes. 

The difficulty with bushing transformers for differential bus 
protection, mentioned in the paper, is something that has 
actually occurred on high-voltage transformers of a compara- 
tively low ratio. There was quite a number of them in parallel, 
and it was found that if one of the transformers was dead, that 
is, the line was dead, the current from some of the other trans- 
formers would leak through it. Now, this was prevented in one 
ease by putting auxiliary switches on the circuit breaker to cut 
out its transformer whenever the breaker was open. But this is 
bad because the switch may corrode or otherwise cause an open 
circuit and thus result in an unbalance which will cause improper 
operation. 7 

There is not much doubt that any balanced relay will be a little 
faster than present impedance relays, but the difference in time 
will be small compared to the time required for the cireuit 
breakers to open, that is, with present-day breakers. When 
making such comparisons it should be borne in mind that bal- 
anced schemes have their own troubles and objections. 

Referring to the polyphase directional relay, there are not more 
than a half dozen systems in this country which demand its use. 
Most of the others can be served at least as well by the single- 
phase relay, maybe better. 

All of us hope that there will not be many systems as compli- 
eated as that shown in Fig. 25 and Mr. Traver is correct in his 
statement that one of the relays shown will care for 90 to 95 
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per cent of the troubles. However, the remaining 10 or 5 per 
cent, or possibly less, must be cared for and the service is im- 
portant enough to justify the extra relays. This installation is 
not the idea of one or two men but was chosen by a number of 
engineers intimately concerned with its success. 


OSCILLOGRAPH RECORDING OF TRANSMISSION 
LINE DISTURBANCES! 
(J. W. Leaa) 
New Haven, Conn., May 9, 1928 

M. A. Rusher: I should like to ask whether the twin vibra- 
tor element requires two air gaps in series or a single gap of 
greater width than that used with the standard vibrator element? 
Are the sensitivity and the natural frequency of this element the 
same as that of the standard oscillograph vibrator element? 

T should also like to ask whether, in putting 15 records on one 
film, complication of records will not be introduced which will 
make it impossible to distinguish one curve from another? 

It may be of interest in this connection that about ten years 
ago the General Electric Company built a 15-element oscillo- 
graph. The record used was over 12 in. wide and one of the 
main reasons for not building more of that type of oscillograph 
was that the records were difficult to read due to different curves 
running into each other. 

I was also interested in the discussion with regard to the 
wattmeter elements for measuring power. For a number of 
years we have been using a three-phase oscillographic watt- 
meter for transmission-line tests. This instrument records the 
average power rather than instantaneous power as Mr. Legg’s 
wattmeter element does, but it gives a record which is very 
easily read, one from which the average power at any instant 
can be obtained without calculation other than applying a single 
calibration. When operated in connection with other oscillo- 
graphs we have found that the records from this wattmeter 
were of very great value. 

Alexander Dovjikov: Setting aside the field of applica- 
cation of the cathode-ray oscillograph we feel that the require- 
ments for automatic recording of system faults are satisfied 
to the greatest extent by the oscillographie type of instrument 
deseribed by Mr. Legg. One of the most important features 
which makes these oscillographs particularly appropriate for the 
study of system transients is the introduction of oscillographie 
wattmeter elements—elements which measure power and power 
oscillations directly. A knowledge of the variations in this 
quantity is particularly valuable because it is the difference 
in power quantities that produce acceleration or deceleration 
of the machine rotors and eventually results in pull-out. 

The combination of the flexible automatic features of the 
oscillograph equipment and the phase-sequence network for 
initiating and measuring quantities supplies the operating engi- 
neer with quanitiative facts on which to base an intelligent 
analysis of the system operation. Interpreting the data ob- 
tained by reading the oscillograms, the necessary changes and 
adjustments in the system may be made; subsequent records 
would prove whether these changes and adjustments resulted 
in improvement. 

J. W. Legg: Ihave been asked a number of questions about 
some of the details of the vibrator and other things. As to 
the twin vibrator galvanometer, used in the 3-Element Power 
Osiso and in the 15-element oscillograph, it has an air gap of 
0.055 in. instead of the usual air gap of 0.030 in., still its sensitiv- 
ity is twice that of the standard oscillograph vibrator, and it 
responds very well to 1000 cycles and thus beyond the range 
required for recording power transients. The sensitivity is 
more than one hundred times that of the Hall Recorder so that 
the power consumed is quite small. 

As to 15 records on one film, I believe I limited that and said 
that in some cases 15 could be used. If the limit of speed is 
10 in. in 10 see., then 15 records would be quite confusing, es- 
pecially if a very fine lens system were not used. However, 
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on some of the tests we drive a 24-ft. film through in 4 or 5 see. 
on which the cycles are spread way out, and then when 15 records 
are used, one ean find every bit of the detail in every record. 
I have not seen any films yet with nine records in which one 
could not pick out every bit of the detail. 

In three-phase lines, the three voltages will be just out of 
phase with one another, and even though they all have the same 
zero, each wave is perfectly free, provided you have a reason- 
able speed of film. Of course, 10 in. in 10 sec. would cause con- 
siderable confusion with 15 records. I have one lantern slide 
that appears to show some interference; however, the original 
record is clear. 

Now, there is the question of the instantaneous wattmeter 
versus the average-value wattmeter. Our company carried on 
tests for a number of years with the average-value wattmeter, 
both polyphase and _ single-phase. 
average-power polyphase wattmeter which one can carry in 
the palm of one’s hand. But for the most part, the instantane- 
ous values of power are much preferable. All galvanometers 
occupy about the same space and are freely interchangeable in 
these oscillographs. 


Fig. 1. 


In our 15-element oscillograph, the records are all in the same 
time-phase relation. This is not an improvised oscillograph. 
Previous ones were in reality a combination of several oscillo- 
graphs, with one tier above the other, so that the light beams 
erossed at the cylindrical lens and reached the film half in one 
height and half in another, and thus gave a different time rela- 
tion on-the film. All fifteen of our records are in exact time- 
phase relationship, and easily controlled. 

Many of the lantern slides shown when the paper was pre- 
sented at New Haven were of oscillograms which were not 
available at the time the paper was written. The publication 
herewith of one showing a power surge recorded with a single- 
phase and polyphase instantaneous wattmeter should be more 
convineing than a lengthy written discussion. 

The lower record is the short-circuit current of the d-c. end 
of a large motor-generator set. The one above this is of poly- 
phase instantaneous watts, showing the surge of power. from 
line to alternator, alternator to line, and so on. The record 
above that is single-phase instantaneous watts showing the 
changing power factor and kilovolt-amperes as well as giving a 
good idea of the surge of average power. The frequency here 
is twice that of the fundamental current or 120 eycles per see. 
The record above shows instantaneous values of the a-c. in one 
line. The one above this, the top one, shows the instantaneous 
values of alternating potential in phase with the current when 
the power factor is unity. A comparison of the upper three 
waves will show the current lagging 90 deg. for zero power 
factor, lagging 180 deg. for minus unity power factor (when 
alternator is taking maximum power from line), and in phase 
with current when power factor is unity. However, the single- 
phase instantaneous watt curve tells a greater story than any 
other one record. 


We have made a small 
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Synopsis.—This paper and companion papers discuss the surge 
voltage investigation on siz power systems in the lightning season 
of 1927. 

Valuable data have been secured as to the nature and polarity, 
magnitude, wave-front and attenuation of surges, also the effect of 
overhead ground wires, choke coils, and lighining arresters. 


N 1926 the General Electric Company conducted a 
surge voltage investigation on a limited scale in 
- cooperation with the Pennsylvania Power & Light 
Company, New England Power Company, and Con- 
sumers Power Company. Thirty surge-voltage re- 
corders in all were used. In 1927 the investigation was 
continued with a larger number of instruments on the 
systems mentioned, and some additional systems were 
included, namely, the Ohio Power Company, Alabama 
Power Company, and New York Power & Light Cor- 
poration. In all 130 instruments were in service. 
This investigation yielded a vast amount of data, 
which has been sifted and analyzed, and it is the purpose 
of this and the companion papers' to present the more 


Fig. 1—D1acrRaM OF THE StTanpDaRD Two-Pote Tower 
Srructure Usep on THE Lock 18—Harriesspure 110-Ky. 
LINE OF THE ALABAMA PowER CoMPANY 


The wires marked C are the insulated communication circuits 


important data and the conclusions to be derived 
therefrom. 

The companion papers present in considerable detail 
a description of the system and the results of the in- 
vestigation as far as the Pennsylvania Power & Light 
Company, New England Power Company, Ohio Power 
Company, and Consumers Power Company systems 
are concerned. The investigation on the Alabama 


*General Electric Company, Schenectady, N. Y. 
Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


Especially interesting is the attenuation formula A = k &, the 
form of which indicates a close connection between attenuation and 
corona loss. 

Further investigations are being carried on in the present year to 


“secure more complete and exact data on wave shape and attenuation, 


effect of ground wires, lightning arresters, and choke coils. 


Power Company and New York Power & Light Cor- 
poration’s systems was not so extensive as on the other 
systems mentioned. Some data were obtained how- 
ever, and these will be included in the present paper. 
A brief description of these two installations follows. 


ALABAMA POWER COMPANY INSTALLATION 


The 110-ky. transmission line extending from Lock 
18 power plant in Alabama to Hattiesburg, Mississippi, 
was under investigation. This is a single-circuit line 
on wooden pole H frame construction, Fig. 1. The 
design characteristics of the line are given in Table I. 

Fig. 2 shows diagrammatically the arrangement of 


TABLE I 
DESIGN CHARACTERISTICS OF LOCK 18—HATTIESBURG 
LINE OF ALABAMA POWER CO. 


Rare Ore hls se oh ns Sewanee 225 mi. 
Type of construction................ Wood pole, H-frame 
(see Fig. 1) 
Height of conductors at tower........ 50 ft. 
Configuration of conductors.......... Horizontal 
Conductors 
Pie BeBe i: ne 297,500 cir. mils ACSR 
Meridian-Hattiesburg.............. 4/0 ACSR 
a Se aa ee Suspension 8 disks OB-25622 
Strain 9 disks OB-25622 
fo Se eet ey ee None 


i in. steel and 1/0 ACSR 
(See Figs. 1 and 2) 


Pin type OB-12851 


See Fig. 2 


the conductors and the communication wires. The 
communication wires are transposed between stations 
as indicated. They are insulated by means of porce- 
lain pin type insulators, nominally rated 23 kv. The 
communication circuits terminate at the various 
stations in insulating transformers, with their mid-point 
grounded. The pins of the insulators of the com- 
munication wires, as well as the crossarms supporting 
the line conductors, are grounded at each tower. 
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this portion of the system and the location of the surge- 
voltage recorders. Table II gives the principal design 
eharacteristies. Fig. 5 shows a typical recorder 


Fiz. 2 alke Stews the leeation of the surge-voltage 
rmeerdes, Fig 3 is 2 typical surge-veltage recorder 
seston 

NEw Yors Powss & Licer Comrosstion 
INSTSLLATION 


& small pertiem ef the Ti@iv. and 33-kv. system of The surge voltage investigation was conducted for 


this company was under investigatiem. Fig. £ shows 


Pos. = —Seeevcewesr a= Powss Conpucress aya Cone 
soso Wines ax Lack [S—Eyrcrmssune DeKy. Leve 
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Ts JeWer SMULSUTS He Jue Tamspasecd. Tie cymmunicacen TOTuts 


aE loF eet m te tamu. The loextion Of te sree nites reeuriers 
i Riftestedt Oy ite =ubei 


TSS 
DESIG CH sE ac TSesistTics OF ES {3D @45 LIVES OF NEW 
Wi POWSE & biGeT Cone 


= Lime 
Jneesine voitass Do &- 
Genunet wire 2 lpemtest at tip of tower 
meio: Saspension ¢ Locke 5500 disks. 
irae ¢ Leeks 7800 disks 
i ioe 
Ineaing ites =a 
Cemerit 22 me 
Tre of comseruetion. _ Part weet tower. double cireemit 
Port wood pele 
Grou wire: 2am wee cower 
S82 se 
Inseiatiom _ Steet cower, ? Locke S300 suspension 
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Fre. 3—Trewst Suses Recompzm Dystarnation, ALABAMA 


Powrx ComPanr 


the payee of ee ee 


5. Effect of overhead ground wires in reducing 


sures 


voltages, 
6 Effect of choke coils and lightning arresters. 


Fre. £—Por ros of New Yorx Powzr & Licur Conromation’s 


Surge-voltage reeorder stations indicated by symbol X 


1h@ anwp 33-Ky. System 


Eaeh of these items will be discussed in more or less 
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The oscillatory surges may be further classified as 
highly damped HD, medium damped MD, and 
slightly damped S D. A highly damped figure may be 
predominately positive or negative. 

The H D figures are interpreted as being produced by 


Fie. 5—Typican Surce Recorper Station, New Yor«E 
Power & Licur CoRPoRaTION 


a surge voltage which lasts for only a few polarity 
reversals, say less than five. 

The MD figures are attributed to oscillations 
following flashovers between line conductor and 
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Examples of figures produced by the various classes 
of surges are given in Fig. 6 of this paper, and examples 
of H Dand S D figures are also given in Lee and Foust’s 
paper.’ 

Table III gives a summary of the lightning surges on 
the various systems classified as to polarity. All 
surges given as unidirectional were of the same polarity 
throughout at all stations where they were measured. 
Surge voltages given as oscillatory registered with both 
positive and negative polarity values at one or more 
stations, but many of these registered as unidirectional 
on some recorders. The generally low magnitude 
of the unidirectional surges shown by the table must be 
interpreted with this explanation in view. Uni- 
directional surges of high magnitude were obtained at 
some stations, but if the surge showed an oscillatory - 
character at any other station, it was classed as 
oscillatory. 

In the case of the New England Power Company a 
second classification is given in the table, in which the 
polarity is taken at the place where the magnitude of 
the surge was the highest. Classified in this manner 
the results appear somewhat different from the first 
classification. 


The second classification is probably as reasonable 
as the first one. It is impossible in this study to 
separate the lightning surge from the switching surge 
which follows in case the line trips-out. 

2. Magnitude of Surge Voltages on Transmission Lines 
due to Lighining, Switching, and Arcing Grounds. 


TABLE Iit 
POLARITY OF LIGHTNING SURGES 
Unidirectional Oscillatory* 
Positive Negative Positive . Negative ; Equal 
Times Times ) | Times Times 
System No. Nor. No. Nor. | No | Wor. No Nor Remarks 
pee SES ee Ses : J : Se ee 
Ohio PawervOe.... «2.4: - eee 39 4.4 30 } |23 HD, max. 34 
; ; ; | 69 SD, max. 11.1 
| | | times normal 
Pas Pre oct; Cosson. an scan sass 2 10.0 3 1.9 toate & yg il n6 | 2 4 m6 | 
New England Power Co.......... 8 1 I 6 ll 3.0 7.4 39 | 14.0 2 | 6.9 | See note 
Consumers Power Co............. 1 1.9 3 bee 8.4 20 75 24 | 10.8 
Alabamia Power Co.............. 1 1.3 3 22 2.6 + 6.8 15 | 4.35 | 
New York Power & Light Corp...| 14 1.8 10 17 2.3 15 6.9 | 19 7.3 | All surges 
Weighted total.< 22 n.ncecccs se 65 234 60 120 559 | 89 | 807 | 104 864 
AwerRe: Fo. ome se ese : 3.6 2.0 | v.25! i, 8.3 
Note: If surges are classed as to polarity at place where magnitude of surge was highest, following will result: _ 
New England Power Co.......... | 18 2.4 |- 30 | 20.0 05 ee he 6.9 


*Classified as to whether surge is predominantly positive or negative, or with positive and negative equal. 


ground. They appeared in this investigation only on 
the Consumers Power system, which was the only 
isolated neutral system in the investigation. 

The S D figures are of uncertain origin. They ap- 
pear to be formed from a continuous application of 
a-c. potential for a duration of several seconds. They 
are thought to be connected with a particular potenti- 
ometer arrangement, as they did not appear when 
simultaneous records were taken with other potenti- 
ometer arrangements. 


a. Lighining. In Table IV are listed the maximum 
voltages due to lightning, first, all figures and second, 
H D figures only. In this table are also listed the 
number of disks, type, and impulse flashover of theline 
insulators as determined in laboratory tests.‘ 

It will be noted that the maximum voltage recorded 
in no case exceeds the impulse flashover values given, 
but is in most cases comparable in value or somewhat 
less. This would- indicate that the impulse values 
given are fair values to use in estimating the lightning 


1114 


LEWIS: SURGE VOLTAGE INVESTIGATION 


Transactions A, I, BH. BE. 


TABLE IV 


MAXIMUM VOLTAGE DUE TO LIGHTNING 
Se Ss 


Max, voltage Line insulation Ht, of line 
Impulse 
All HAD flashover 
figures figures Disks Type ky, 
Ohio Power Co. . 5 va ora ons cea een te 1200 475 10-11-12 OB-25622 1180-1400 
Pas Pre & Tit O0 so ee og sine Saree ais ee eer re 2100 1800 14-16 Locke 7500 1900-2140 
Now England Power O02/:2. ita. ty +atb awe anes 900 900 8-9 OB-25620 1020-1120 
Consumers Power 00). 77035: cael antes rates 1140 + 850 9 K-11 OB-25622 1080-1180 
10 H-8 
Alabama Power’ Cs. 77tbides 1 2 ores 610 610 8-9 OB~25622 970-1080 
New York Pr. & Lt. Corp.....:-,:ereverscenere 660 620 8-9 Locke 6800 | 1160-1270 
Ky. per ft, Ratlo Maximum voltage 
required to kv, meas, to Normal voltage no, times 
Ky. per flash over flash over ky, erost ky, to normal 
ft. of height insulators per cent neutral all figures 
Ohio Power Co. 2.0 Se Oy ae ree hee ae 17 20 Bh 108 10,2 
-. Pa. Pr. ‘& Lt. Ce). 5 aes eee ia vee ee ee 42 43 98 180 1177 
New England Power’ ©0-;5. <i 00> hive ee 23 28 82 90 10, 
Consnmers Power'O0!. 2205 i573 vile e bg eat ee oe 19 20 965 114 10, 
Alabama Pres 5. An iG ho ees d be eee ek Pee 15 27 55 90 6.8 
Now York Pe & Et. Cord... >). 3. es eh eee 13 25 52 90 7.3 


Fic. 6—Licurenserc Ficores Innusrratina Various Tyre or Sunous 


a. Negative surge 
b. Highly damped surge 


flashover of transmission lines, and would further 
indicate that the maximum voltage induced on a line 
is limited by the insulator flashover. 

In this table are also given the height of the lines at 


G, 
d, 


Medium damped surge 
Slightly damped surge 


the tower and an estimated average height of the top 
conductor, also the kv. per ft. of height based on the 
maximum voltage for all classes of figures. The ky. per 
ft. of height required for flashover is given, based on the 
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longest string listed. It will be noted in the last column 
of the table that voltages have been recorded from 52 
to 98 per cent of the flashover value. 

In most cases it is probable that the recorders were 
not located at the point of highest voltage. Also, it is 
possible that flashovers occur at much lower values than 
given in the table, which are based on a certain wave 
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Fig. 7—MaGnitupsr or SurGE Voutracres Dur to Licurnina 
ON THE Various PowrR SystTEeMs 


of very steep front. In practise the waves may be 
considerably less steep and otherwise different in shape. 

Fig. 7 shows curves of surge voltages due to lightning 
for the various systems. In these curves the abcissas 
represent times’ normal crest to neutral volts, and the 
ordinates per cent of the total number exceeding the 
value indicated by the abcissas. All surges, H D, 


TABLE V 
MAXIMUM VOLTAGE DUE TO SWITCHING 
Normal Ener- Deener- 
voltage gizing gizing Both 
crest ky. times times times 
System to neutral jnormal kv.jnormal ky.jnormal kv. 
Ohio Power Co.......... 108 4.2 5.2 
Pat Pe &- Lib. ' Go... Js. 180 4.0* Less 
DU ORD, ees Baas Oc teeny 90 Av eo 4.0 
ONG th OOne wes ce vee 114 3.0 3.6 
Alabama Pr. Oo......... 90 1.5 2.6 
New York Pr. & Lt. Corp. 90 Less 3.4 
AVEFABGs.5 vs news aiees 3.2 Sen 


*On this system all switching was done on the low tension side. 


M D, and S D, have been grouped in these curves. 

It will be noted that the curves have the same general 
shape and that the majority of surges are of low value, 
2. é., less than five times normal. 

b. Switching. Table V gives the maximum voltages 
due to switching classified as to energizing and de- 
energizing lines. 
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It will be noted that deenergizing is slightly more 
severe than energizing. 

Switching load on and off gives a very mild over- 
voltage disturbance, for example, 1.2 times normal on 
the Ohio Power Company’s system. 

The conclusions as to the relative severity of the vari- 
ous types of switching agree with conclusions arrived at 
previously with the oscillograph,’ although the magni- 
tudes recorded by the surge-voltage recorder are much 
greater than by the oscillograph. 

In Fig. 8 are shown curves of switching surges for 
three systems, the abscissas representing the number of 
times normal and the ordinates representing percentage 
of all surges exceeding the given number of times normal 
shown on the abcissas.. 

It will be noted from these curves that the majority 


Fercentage exceeding voltage indicated by abscissa 


Times Normal Voltage 


Fia. S—MAGnitupb oF SWITCHING SURGES ON VARIOUS SysThMS 


of all switching surges were less than three times normal. 

In these surges H D figures predominated. They 
were very general throughout a system, that is, they 
appeared at all the recorder stations and at practically 
the same value. 


c. Arcing Grounds. It is not possible from this 
investigation to separate lightning surges from the 
arcing ground or switching surges which follow in many 
cases. The initial surge caused by lightning and the 
subsequent surges due to arcing grounds or switching 
are shown as one surge by the recorder. 


The Consumers Power Company is the only one of 
the systems operating with an isolated neutral, and 
therefore the only one subject to overvoltage due to 
arcing grounds. It is possible that the M D figures 
found only on this system were caused by arcing 
grounds. Pure M D figures were found of a magnitude 
of 7.7 times normal. Such M D figures recorded on 
practically all instruments on the system and in some 
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cases were coincident with switch trip-outs due to the 
operation of ground relays. In other cases the M D 
figures appeared coincidentally with system distur- 
bances caused by arcing from the line wire to a tree. 
This incident accounted for five surges ranging from 
2.5 to 3.6 normal times. Theoretically the maximum 
voltage that can be obtained from arcing grounds is 
about six times normal.® 

d. General. From the data given it may be con- 
cluded that a transmission line insulated for about six 
times normal voltage, will be fairly safe from fiashover 
due to switching or arcing grounds. The average 
system is insulated for this voltage or better. The 
average system is also insulated for impulse voltages of 
10 to 14 times normal.* 

Since only a fraction of the voltages recorded reach 
the extreme value of 10 to 14 times normal on impulse 
(Fig. 7) and six times normal on switching or arcing 
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grounds (Fig. 8), it would seem that most of the lines 
with average insulation should be oy immune from 
flashover. 

That many of the lines are not so immune indicates 
that our data on the line insulation may not be exact, 
or our data as to voltage magnitude not complete. 
Then again, we know very little about the behavior of 
direct strokes. 

38. Wave-Front and Wave-Shape. 

Up to the present time we have not been able to 
obtain any data on the shape of the waves encountered 
on transmission lines. Some data as to the front of the 
wave have been obtained by inspection of Lichtenberg 
figures. The method is as follows: The figure is 
examined as to type and magnitude. This locates the 
surge somewhere within wide limits by means of the 
chart, Fig. 9, reproduced from Mr. K. B. McEachron’s 
A. I. E. E. paper.? If the surge appears at another 
station on the system, it may appear with a different 
magnitude and slope and perhaps be of a different type. 
Thus, it is possible by inspection of figures of the same 
surge appearing at two or more stations, to establish 
the time of the front within wide limits. 

Mr. K. B. McEachron has examined the records of 
about 150 figures in this manner. The results of this 
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study are shown in Table VI. 


Transactions A. I. E. E. 


It will be noted from 
this table that only one figure definitely indicated a 
front less than one microsecond, although some of those 
classed as less than 10 microseconds may also be less 
than 1.0 microsecond, likewise for those classed as less 
than 100 and 100,000 microseconds. Those classed as 


TABLE VI 
TIME OF FRONT OF WAVE AS INDICATED BY 
INSPECTION OF LICHTENBERG FIGURES 


Time to reach crest No. of 

in microseconds figures 
Lessithan 41.0.5350- 00% 1 
Less than 10.0........ 1 
Less than 100.0....... 11 
Less than 100,000..... 44 
At least 100.0......... 48 
At least 10:0: - 232.22 < 16 
At least 1005-5 5c25 33 
Total figures........ 154 


at least 1.0 microsecond may be anything over 1.0 
microsecond, even up to 10 or 100 microseconds. 

From this indefinite grouping, we may make the 
following very rough summary as to the duration of 
wave-front: about 20 per cent between 1 and 10 micro- 
seconds, about 20 per cent between 10 and 100 and 
about 60 per cent over 100 microseconds. 
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Fic. 10—Cuturve SHowING VARIATION OF VOLTAGE WITH 
DisTaNCE FOR VARIOUS SURGES 


Surges 38 and 40 are on Pennsylvania Power & Light Company’s system, 
all others on New England Power system. 


There is some indication from this study, that the 
waves of highest magnitude are also the steepest. 
4. Attenuation of the Surges along the Transmission 
Tine. 
C. M. Foust and F. B. Menger have plotted a 
number of surges (Fig. 10) which appeared at more than 
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one station, with distance from an assumed origin as 
abscissas and voltage as ordinates. They then drew 
an average curve and determined equations for the 
variation of voltage with distance, and the rate of change 


of voltage with distance or attenuation. These equa- 
tions are as follows: 
€o 
tae kl é+1 oy 
A=-ké (2) 
in which . 
@ = the initial voltage at the point where the 
surge originated 
k = a proportionality factor which is found 
empirically 
1 = the distance in miles from the origin of the 
surge 


e = voltage at any distance / 
A = theattenuation in kilovolts per mile. 
The factor k for all the surges investigated has been 
found to be about 0.00016. 
These equations are used as in the following examples: 
1. Assume the initial potential to be 2000 kv. Then at 
a distance 10 mi. from the origin: 


iA 2000 
~ (0.00016 x 10 x 2000) +1 


The attenuation at the point of origin of the surge 
is A = — 0.00016 x 20002 
= — 640 kv. per mi. 
2. If the initial surge was only 1000 kv. in magnitude, 
then the attenuation would be 
A = — 0.00016 x 1000? 
, = — 160 kv. per mi. 

As a limiting case for any line, the flashover value of 

the line insulation may be taken as the initial voltage. 
. Equations (1) and (2) havea great deal of significance 
They state that the voltage varies inversely as the 
distance and that the attenuation varies as the square 
of the voltage. Since attenuation depends on resistance 
loss in the conductor and corona loss, and since it is 
known that resistance loss accounts for only a small 
amount of attenuation, the greater part of it must be 
due to corona loss. Corona loss varies as the square of 
the voltage, so that the attenuation, Equation (2), 
seems to tie in with the corona loss. The factor k 
probably varies with the size and spacing of the con- 
ductors on the transmission line, but for the various 
lines in this study the average of 0.00016 gave results 
which agree fairly well with the test data. 

It seems likely that the particular units chosen for 
distance and potential have more effect on k than any- 
thing else. Inour case we have used milesand kilovolts. 
If other units were used, such as absolute units, a 
different value for k would result. More data and 
more study may serve to refine this factor somewhat. 
Equations (1) and (2) are plotted in curve form in 
Fig. 11, assuming initial voltage e) = 1000 kv. 
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In this figure attenuation has been plotted for con- 
venience as positive, although it will be noted from 
Equation (2) that it is a negative function. 

The following example served as a useful check on the 
formulas: Surge No. 75 on the New England Power 
system gave readings at several stations. Assuming the 
voltage at the origin to be 1000 kv. (the estimated flash- 
over value of the line insulators) the distance to the 
origin from one of the stations was computed and found 
to be 25 mi. Visual inspection indicated a flashover at 
21.5 mi. from the station. 

5. Effect of Overhead Ground Wires in Reducing Surge 
Voltages. 

The ground wire data are rather inconclusive, mainly 
because of a lack of exact comparison between lines with 
and without ground wires, and also because of the effect 
of reflections. The surge-voltage recorder measures 
the maximum voltage regardless of whether the maxi- 
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Fie. 11—VariATION OF VOLTAGE WITH DISTANCE AND RATE 
OF DECREASE OF VOLTAGE WITH DISTANCE, FROM EQUATIONS 
(1) anp (2). Inrrran Vottacep 1000 Kv. : 


mum is the initial voltage or the reflected voltage. 
Nevertheless the data have given a few indications 
of the effect of the ground wire. 

a. Ohio Power Company’s System. Approximately 
50 surges were measured simultaneously on top, middle, 
and bottom conductors of the vertically arranged cir- 
cuit. This line is a double circuit line with one over- 
head ground wire above and midway between the two 
circuits. In Table VII is given the theoretical potential 
of the three conductors without ground wire, expressed 
in per cent, on the assumption that the bottom con- 
ductor is 100 per cent and that the other conductors 
have potentials proportional to their heights above 
ground. Then there is given the theoretical potential 
with ground wire, still assuming that the bottom con- 
ductor is 100 per cent and using the protective ratios 
given in Reference 4, 7. ¢., 0.42, 0.52, and 0.62, for top, 
bottom, and lower conductors respectively. Finally is 
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given the average of the surge-voltage recorder readings 
expressed in per cent, with the bottom conductor as 
100 per cent. 

The order of the actual protection agrees with the 
theoretical, but is not so favorable as the theoretical 


TABLE VII 
EFFECT OF OVERHEAD GROUND WIRE 
OHIO POWER CO. 


| : Measured 
Theoretical | Theoretical | potential 
. potential potential | with ground 
Approx. : without with ground | wire. Average 
| height at ground wire | wire* : of readings 
Conductor ) tower—ft. per cent percent | per cent 
Top....-.-- ) 85 3 ie 89 
Middle. .... 72 121 S 9s 
Bottom ...-| 59 I 100 : 100 100 


*Calculated by means of tables in Reference 4. 


based on ideal conditions. The arte are illustrated 
graphically in Fig. 12. eds 
An instrument was placed on i “ground wire at 
Tower 297. On this instrument 65 surges were re- 
corded, the maximum of which was 8.2 ky. At the 
same time 380 ky. was recorded on a line conductor. 
This particular surge was due to lightning. Seventy 
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Fig. 12—Grounp Wire Protection, On10 Power Company's 
SYsTEM 


per cent of all the surges were over 3 ky. Many of the 
surges were tied up with switching on the transmission 
lines. 

b. Pennsylvania Power & Light Company's System. 
This 65-mi. line is equipped with 20 mi. of ground wire 
at the Wallenpaupack end and four mi. at the Siegfried 
end. 

There were three periods of operation in 1927, (1) 
without ground wire, that is up to May 24, (2) period 
of installing ground wire, line not energized, May 24 to 
July 24, and (3) with ground wire, after July 24. 

Any readings taken on the portion of the line not 
covered by ground wire are subject to reflection at the 
junction between the covered and not covered portions. 


LEWIS: SURGE VOLTAGE INVESTIGATION 


7 


Transactions A. I. E. E. 


Likewise the portions under the ground wire are sub- 
ject to reflection at the terminals. All we can look for, 
therefore, is a tendency or trend. 

For the period after the ground wire was installed a 
curve was drawn showing the highest values of surges 
recorded at stations along the line, and the average 
values of the surges recorded at the stations. The 
average of the highest values and the average of the 
averages were then taken for the unprotected portion 
of the line and for the protected portions. Table VIII 
shows the averages. 

TABLE VIil 


EFFECT OF OVERHEAD GROUND WIRE 
PENNSYLVANIA POWER & LIGHT CO. 


: | Protected by ground wire 
: Wallenpaupack 
Unprotected end Siegfried end 
Times 
iiseme Per cent ome Percent | normal | Percent 

Average of ) 

highest ._..-.-. Te 100 
Average of ali 

walues......- ; 4.4 100 7 

(two ground) 

__. Wire): ..- +508 582 Se OR ee pe ee ace Soe i 100 


c. New England Power System. On this system the 
transmission line under test consisted of two circuits 
horizontally arranged. The conductors may be desig- 
nated 1, 2,3, 4,5,6. There was one ground wire above 
and between conductors 2 and 3. Instruments were 
installed on all six conductors at two places, Gris- 


TABLE Ix 
EFFECT OF OVERHEAD GROUND WIRE—NEW ENGLAND 
POWER CO. SURGE VOLTAGES HAVING THEIR HIGHEST 
VALUE AT BARRE 


Conductor position 
Surge no. Number of times normal 
1 2 3 4 5 6 
SOM see ace 5.2 3.9 3.3 22 4.2 4.2 
66 3) he oe 9.0 3.9 6.5 3.8 6.0 6.1 
pi ee pas a 3.1 2.5 4.0 2.8 3.5 5.3 
$13 2% oS ee 2.8 Py 3.2 2.8 rhe | 8.3 
214.22 ee 4.0 2.8 3.9 5.0 5.5 8.3 
Average....... 48 3.1 4.2 3.3 4.4 6.4 
Per cent......-. 75 48 66 52 69 100 
o, ‘cal per 
cent*®........ 74 64 64 74 sg 100 


*From Reference 4. 
Ground wire above and between conductors 2 and 3. 


woldville and Barre. The readings on these instru- 
ments did not necessarily indicate the potential due 
to the conductor position at that point, because the 
conductors were frequently transposed. The fairest 
attempt to evaluate the effect of the ground wire was to 
select those surges which had their highest values at one 
of the stations, and therefore presumably originated 
near that station. For this purpose five surges which 
had their highest value at Barre were selected. The 
readings are given in Table IX. 
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It will be noted that these readings are not entirely 
consistent, sometimes one conductor being highest and 
sometimes another. The averages of the five surges are 
plotted in Fig. 13. The averages of the readings 
expressed in per cent agree fairly well with the theoretical 
protection to be expected.‘ Fig. 13 also shows the 
number of flashovers that took place in 1927 on the 
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Fie. 13—Potrentiat Measured ON VARIOUS CoNDUCTORS AND 
FLASHOVERS OBSERVED, New ENGLAND PowER CoMPANY 


various conductors at all parts of the line, as indi- 
cated by a visual inspection. A somewhat irregular 
flashover curve is to be expected, because under the 
worst conditions the ground wire would only reduce the 
potential on the most favored conductors to about 2000 
kv. and the other conductors would have higher poten- 
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Fig. 14—Grounp Wire Protection, NEw ENGLAND PowER 
Company, as INDICATED BY READINGS AT GRISWOLDVILLE 


tials. This potential is about twice the flashover value 
of the insulators, and it is a matter of chance which 
conductor spills over. 

' Another effort to evaluate the effect of the ground wire 
has been made by plotting the highest crest value of light- 
ning surges on line 27 (without ground wire) as abscissas 
and the highest values on line 28 (with ground wire) as 
ordinates. : A reference line at 45 deg. is drawn to assist 
in interpreting the results. Fig. 14 shows the points 
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plotted from the readings taken at Griswoldville 
and Fig. 15 at Barre. An average curve drawn through 
these points assumes a general drooping shape indicating 
the beneficial effect of the ground wire. This is more 
apparent on the readings at Griswoldville (Fig. 14) than 
those at Barre (Fig. 15). 

id. Consumers Power Company. On this system 
there were two lines under investigation, the H-8 and 
K-11 lines between Saginaw River and Flint. These 
lines were on separate structures and in some cases as 
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Fie. 15—Grotunp Wire Protection, NEw EncGitanD Power 
Company, AS INDICATED BY READINGS aT BARRE 


much as 10 mi. apart, being in multiple, however, at the 
two ends. During the entire season the H-8 line 


‘operated without ground wire while the K-11 had a 


ground wire during the latter part of the season. 

For various reasons it is difficult to compare the 
performance of the H-8 and K-11 lines. Some of the 
reasons are: difference in tower height and configuration 
of conductors, difference in insulation, difference in 
size of conductor, also the fact that lines are tied to- 


TABLE X 
CONSUMERS POWER CO. HIGHEST POTENTIALS OBTAINED 
BEFORE AND AFTER GROUND WIRE WAS INSTALLED 
ON K-11 LINE 


Before ground } After ground 
: 
; 


wire installed ; wire installed 


Line times normal times normal 
ii ASS Colts ee ee Bee 9 ) 10 
D 5b Ce ee eee 9 8 
ent UE ce aioe see a ee 8 6 
Sitdiiba as) so 9 8 
Bottom. =o .ee2 <I wat . 5.9 


gether at ends and to other lines on which the trouble 
may originate. It is also difficult to compare the per- 
formance of the K-11 line before the ground wire was in- 
stalled and after, because comparatively few high voltage 
surges were recorded, and very few of them before the 
ground wire was installed. About the only thing we 
can do is to compare the maximum potential on the two 
lines before and after the ground wire was installed, and 
also to compare the maximum obtained on the three 
conductors of the K-11 line before and after the installa- 
tion of the ground wire. This is done in Table X. 
The results show a slightly lower maximum potential 
on the K-11 line after the ground wire was installed, 
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while at the same time the H-8 line, which had no 
ground wire, showed a slightly higher potential. 

On the ground wire itself a number of surges was 
measured at tower 318 and midway between towers 
318 and 319. The results of these readings are shown 
in Table XI. 

In only one case was any potential indicated at the 
tower. The potential at the mid-span varied from 2 to 
something over 35 kv. All these potentials are small 
compared with the potential on the line conductor, and 
indicate that the ground wire is maintained near 
enough to ground potential to be effective in performing 
its protective function. 


TABLE XI 
CONSUMERS POWER CO. 
POTENTIAL MEASURED ON GROUND WIRE 
Kv. Crest 


At mid-span On conductor at 


| 
Surge no. | -towers318and319 | ees 318 | tower 318 

116 35+ 28 206 
166 | 24 0 456 
146 6 0 410 
148.1 5.5 0 . $. 

87 307 | 0 | 850 

94 2. 0 205 


e. Alabama Power Company. As described pre- 
viously, this is a single circuit line with conductors 
horizontally arranged and two lightly insulated over- 
head communication wires, which are connected to 
ground through transformers at the stations. Fig. 16 
shows a comparison between the potential on the middle 
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Fic. 16—Comparison BETWEEN PoTENTIAL ON MIDDLE AND 
OvrstpeE Conpuctors, ALABAMA PowER CoMPANY 


conductor as abcissas and the potential on one of the 
outside conductors as ordinates. A 45-deg. line is 
plotted for reference. It will be noted that there are 
more points above the 45-deg. line than below, indicat- 
ing that the outside phase is subject more to high 
voltage than the middle conductor. 
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On the insulated communication wire itself surges 
were recorded varying from 120 to 170 kv. As would 
be expected, these figures indicate that this wire is not 
kept as near ground potential as a wire which is con- 
nected to ground at each tower. Such an insulated 
wire should therefore not offer as effective protection 
as a wire more thoroughly connected to ground. 

6. Effect of Choke Coils and Lightning Arresters. 

At both ends of the Philo-Canton line, instruments 
were placed on the bus side and the line side of the 
choke coils on the top conductor. 

Based on the average of ten simultaneous readings, 
the line side of the choke coil at Philo was 15 per cent 
higher than the bus side. At Canton the average of 
12 readings showed the line side to be six per cent higher 
than the bus side. 

It is not possible to say whether the surges originated 
on the Philo-Canton line or on other lines tied to the 
Philo or Canton bus: Assuming that they originated 
on the Philo-Canton line then the averages obtained 
indicate a small reflection of the incoming surges at 
the choke coils. 

Surge-voltage recorders were placed across about 12 
ohms resistance, installed in the ground or neutral 
end of the four-stack oxide film arresters at Canton, 
Newcomerstown, Philo, and Turner. Only two instru- 
ments gave records, those at Newcomerstown and 
Turner. Both switching and lightning surges ap- 
parently cause discharges, although the majority were 
tied in with lightning. 

The current measurements varied from 150 to 2620 
amperes. One reading was 1260 amperes, one 2620, 
and the balance were below 450 amperes. 


On this system there were 97 highly damped lightning 
surges recorded. Of these only four were above two © 
times normal. There were also 69 lightning surges 
classified as slightly damped, of which 31 were over 
three times normal and 18 over four times normal. 
Probably about three times normal is required between 
line and ground before the arrester gaps arc over, on 
account of the gap setting and the division of voltage 
between gap and arrester stack. The fact that only 
about one-fifth of all the surges recorded as due to 
lightning were over three times normal, and that not 
all of these were highest in the vicinity of the arresters, 
may account for the comparatively few readings of 
arrester discharge taken during the summer. 


CONCLUSIONS 


Some surge voltages due to lightning are uni- 
directional and some are oscillatory. Of the uni- 


- directional surge voltages, some are positive and some 


are negative. Of the oscillatory surge voltages, some 
have positive characteristics predominating and some 
have negative. 


While there may be a trend in some systems toward 
certain polarity characteristics, the surge voltages 
recorded on these systems are not exclusively of these 
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characteristics. It is certain that all unidirectional 
surge voltages of highest crest value are not of negative 
polarity, for several of positive polarity have been 
recorded. High-voltage surges of negative character- 
istics are in the majority however. 

The oscillatory surges have been classified as highly 
damped H D, medium damped M D, and slightly 
damped SD. The H D figures are accepted without 
question. The S D figures are of doubtful origin. 

The M D figures appeared only on one system, which 
operates with an isolated neutral. These figures 
reached a magnitude of 7.7 times normal and are 
thought to be associated with arcing grounds. 

Surge voltages of the following upper magnitudes 
have been measured on the various systems: 

Due to lightning, 7 to 12 times normal. 
Due to switching, 2 to 5 times normal. 
These values check those of previous investigations.’ 

It has been fairly well established that the voltage 
is limited by the flashover strength of the line insulators 
which on the average system is from 10 to 14 times 
normal‘ (normal equals crest value of line to neutral 
voltage). 

Very little is known yet about the shapes of the waves 
encountered in lightning and other line disturbances. 
The wave-front varies through wide limits. Of 154 
surges examined, about one-fifth had fronts between 
one and ten microseconds, about one-fifth between 10 
and 100 microseconds, and about three-fifths over 
100 microseconds. 

An empirical formula has been derived for attenua- 
tion. This is of the form A = ke. That is, the at- 
tenuation is faster the higher the voltage. The form 
of this equation is similar to that for corona loss, 
p = ce’, and indicates that the attenuation is due 
mainly to corona loss. 

The study has shown the benefit due to overhead 
ground wire in some cases to be very small and in other 
cases to be almost up to the theoretical value. A 
conclusive study is very difficult to make, as it is almost 
impossible to obtain two lines of identical arrangement, 
in identical territory, subject to the same lightning 
conditions, and one with and one without ground wire. 

The data as to the effect of choke coils and lightning 
arresters are meager and more information must be 
obtained along this line. 
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The data showed from 6 to 15 per cent difference of 
potential across the standard line choke coils. 


Lightning arresters showed discharge currents vary- 
ing from 150 to 2600 amperes. 


In the present year efforts are to be made to obtain 
more complete and exact data on a few systems. A 
special effort will be made to obtain data on wave-shape, 
attenuation, effect of ground wires, and effect of light- 
ning arresters and choke coils. 


ACKNOWLEDGMENTS 


The laboratory work in connection with this in- 
vestigation was under the direction of Mr. E. S. Lee. 

Acknowledgment is due C. M. Foust, A. L. Price, 
F. B. Menger, J. A. Tiedeman, R. F. McAtee, and others 
of the General Engineering Laboratory and J. B. 
McClure of the Central Station Engineering Depart- 
ment of the General Electric Company for their pains- 
taking work in handling, analyzing, and correlating the 
large mass of data accumulated in this investigation. 
The hearty cooperation of the various power com- 
panies is also acknowledged. 


References 


1. Group of companion papers presented at Summer 
Convention of the A. I. E. E., Denver, Colo., June 1928, covering 
surge voltage investigation on systems of Ohio Power Co., 
Pennsylvania Power & Light Co., New England Power Co.,and 
Consumers Power Co., and published in this Quarterly. 

2. Measurement of Transients by Lichtenberg Figures, K. B. 
MeHachron, A. I. E. EK. Trans., Vol. XLV, 1926, p. 712. 


3. Measurement of Surge Voltage on Transmission Lines due to 
Lightning, EH. S. Lee and C. M. Foust, A. I. E. E. Trans., 
Vol. XLVI, 1927, p. 339. 

4. Relation between Transmission Line Insulation and Trans- 
former Insulation, W. W. Lewis, New Haven Meeting of the 
A. I. EH. E., May 1928. 

5. Electric Line Oscillations, G. Faeccioli, A. I. E. E. Trans., 
Vol. XXX, 1911, p. 337. 

6. “Transmission Line Engineering,’’ W. W. Lewis, MeGraw- 
Hill Book Co., Chapter VII. 

7. Klydonograph Surge Investigations, Cox, McAuley, and 
Huggins, A. I. E. E. Trans., Vol. XLVI, 1927, p. 315. 


Discussion 


For discussion of this paper see page 1147. 


7 


Lightning Investigation on New England — 


Power Company System 
BY E. W. DILLARD: 


Associate, A. L. E. E. 


Synopsis.— An analysis of the surges recorded during 1927 ona 
75-mi. 110-kv. double-circuit transmission line of the New England 
Power System is presented in this paper. The surges are classified 


INTRODUCTION 

N long overhead transmission systems lightning 
disturbances constitute the greatest hazard to ser- 
vice. Perfect relay operation, even if it could 
be maintained, does not accomplish a complete cure, for 
usually system surges cause difficulties to a large number 
of users. Increasing standards of service emphasize 

the necessity of studies of lightning phenomena. 
In making such studies on the New England Power 


or New Encianp System SHowmse Hareman- 
Mizistryr Lixe 


System, we have considered that three general classes of 
information should be obtained. 

1. Magnitude, extent, and character of lightning 
disturbances. 

2. Protection afforded by ground wires. 

3. Relative magnitude of surges of other than light- 
ning origin. 

DESCRIPTION OF LINE 

In an effort to get information of this nature records 
have been made of the surges occurring on the 110-ky. 
line of this company extending from Harriman, 
Vermont, to Millbury, Mass., a distance of 74.6 mi. 
A map of part of the system showing the Harriman- 
Millbury line is given in Fig. 1. 

This line was chosen for investigation because of its 

1. Electrical Engineer, New England Power Company. 


Presented at the Summer Consention of the A. I. E. E., Penser, 
Colo., June 25-29, 1928. 


according to cause of surge-voliage damping, extent, etc. General 
conclusions are drawn regarding the nature of surges and protection 
afforded by ground wires. 


unusual construction features. The general type of 
construction is shown by Fig. 2. Horizontal arrange- 
ment was used to give better performance under sleet 
conditions, lessen the chances of ares blowing from phase 
to phase, and to give a lower height of conductors above 
ground. A ground wire was installed over one circuit 


Circuits: <; 2.2.44 2 see Two three-phase 

Length, >. )..2 hee 74.6 mi. 

Operating voltage...... ..110kv 

Frequency ...: )) 0. eee 60 cycles 
Insulator—suspension..... 8 disks 
Insulators—strain........9 disks 

Conductors) :4 4. aa eet 4/0 copper 

Ground wires............ One 7/16-in. cruciblesteel 
Transpositions........... Nine (three complete rolls) 
Conductor spacing........ 12 and 13 ft. 


Average height of conduc- 
tors above ground (entire 


Ime) 2. 250 ee eee ae 42.15 ft. 
Maximum elevation above 
sea Jevel: *i2:. sack aes 2100 ft 


SURGE-VOLTAGE RECORDER INSTALLATION 
Through cooperation with the General Electric 


Fie. 2—Tower on Harrman-Mititecry 110-Kv. Line 


Company, surge-voltage recorders were installed and 
operated during the summers of 1926 and 1927. There 
was very little lightning in 1926 after the recorders were 
installed. During 1927 unusually severe lightning 
conditions were experienced and only 1927 surge-voltage 
records are discussed in this paper. Surge-voltage 
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28-100 


= 


Oct. 1928 


records are supplemented by operating data of this 
and other years. . 
A total of twenty surge recorders was installed. 


. Fig. 3 shows the location of the instruments. Three 


were installed on the north line at Harriman, six at the 
first intermediate station, two at the second interme- 
diate station, six at the third intermediate station, and 
three on the south line at the Millbury station. Fig. 4 


X - Indicates a Surge 
Ve/tage Recorder 


Transposition * 1 


' 
cores 3 ile Suitobes 
k KG 
eS 
= 
‘ 
' 
' 
’ 


Transp. nk 


Transp. *5 


Transp, *6 
$ 
= id Susifebes 
Transp. *7 


-Fig. 4—Surez-Vottrace RecorpEeR INSTALLATION 


is a photograph of the installation at an intermediate 
station. Fig. 5 shows a typical record obtained. 


RESULTS 
A total of 155 surge voltages was recorded between 
June 6, 1927, and October 10, 1927. These may be 
classified according to origin and maximum recorded 
voltage as follows: 
Lightning 104 maximum 900 ky. 
Switching 29 maximum 360 kv. 
Unknown 22 maximum 270 ky. 
Fig. 6 shows the number of surges recorded at various 
voltages. Only about 20 per cent of the recorded 
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lightning surges were above 450 kv. No surge-voltage 
recorder indicated a high enough voltage to cause an 
insulator flashover, but during this period 47 trip-outs 
were experienced on the line. It is believed this obser- 
vation indicates high decrement of lightning voltages 
rather than any inaccuracy of measurement. 

Fig. 7 shows the number of surges at various voltages 
segregated according to amount of damping. The 104 


Fig. 5—Suree-Vottace Recorper Firetp Recorp 
At left, large highly-damped figure from lightning, small slightiy-damped 
figure superimposed. At right small highly damped figure from lightning. 
lightning surges can be classified according to nature as 
follows: 
Highly damped 
Slightly damped 
Highly damped and 
slightly damped, mixed’14, Maximum 900 kv. 


71, Maximum 900 kv. 
19, Maximum 670 kv. 


; 


j —— Lightning Surges 


era 1. 6% 7 08 

cA TIMES NORMAL VOLTAGE 

Fic. 6—Numser or Surces oF DirFERENT ORIGINS WHICH 
Excerep Various Tirves Normat Voitace VALUES 


No. highly 
damped 
No. highly No. slightly and slightly 
Cause of surge damped 
pF a 71 19 14 
On aoe i eee 27 2 
Sawa, 22... oc saicss 10 12 


1124 


These results indicate a preponderance of highly 
damped surges both in regard to magnitude and to 
number. The inference to be drawn from this fact is 
that the surges most likely to cause flashovers are uni- 
directional. The origin of the slightly damped surges 
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0-2. 22 456 Seno 
TIMES NORMAL VOLTAGE 
Fie. 7—Numesee or Surees at Various Trwes NoRMAL 


VOLTAGE 


is not definitely known. There are indications that 
they are produced locally in the instrument by the 
potentiometer arrangement used. It is not felt that 
these records should be interpreted as indicating slightly 
damped surges on the line. 


PROTECTION OF GROUND WIRE 


It is not felt that the surge-voltage-recorder data in 
regard to ground-wire protection are particularly 
conclusive. Other operating data, particularly the 
record of flashovers, give a more conclusive indication 
of the value of ground wires. During the operation 
of the line, since 1924, there have been 57 flashovers in 
which only one line was involved. Forty-four of these 
flashovers have been on the unprotected line and 13 on 
the protected line. This would indicate a protective 
ratio for the ground wire of 3.4 to 1. 
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It is probable that the surge-recorder tests would 
have been more conclusive on this point if they had been 
more comprehensive. The information obtained in 
these tests is also confused by the fact that the lines . 
are transposed. 

Data from one of the intermediate stations, Barre, 
at which recorders were installed on all six conductors 
are shown in the following table. In order to eliminate 
the effect of transposition as much as possible, only 
those surges having their highest voltage at Barre are 
included as these surges probably originated near Barre 


Surece Vortraces Havine Tuetr Higuest VALUE AT BARRE 
Ground Wire is Above Conductors 2 and 3. 


urge 
No. 1 2 3 4 5 6 
Times Normal Voltage 
59 5.2 3.9 BEE: 22 4.2 4.2 
66 9.0 3.9 6.5 3.8 6.0 6.1 
88 Si 25 4.0 2.8 3.5 Fas: 
113 2.8 PAT i one 2.8 Zt 8.3 
114 4.0 2.8 3.9 5.0 5.5 8.3 
Average 4.8 a! 4.2 3:3 44 16.4 


and therefore their records were least affected by trans- 
position. The ground wire at this point is above and 
between conductors 2 and 3. 

It is seen that no definite conclusions as to the value 
of the ground wire can be drawn from these results. 


CONCLUSIONS 


1. On this system during the period of the investiga- 
tions practically all surge voltages of appreciable magni- 
tude due to lightning were unidirectional or highly 
damped and of negative polarity. 

2. No switching surge of greater than four times 
normal was found. 

3. The maximum voltage of a lightning disturbance 
does not seem to be impressed over more than a very 
limited portion of the line. More study should be 
given to this point. 

4. The data collected by the surge-voltage recorder 
do not allow definite conclusions to be drawn relative 
to ground-wire protection. Other data from operating 
records indicate worth-while protection. 


Discussion 
For discussion of this paper see page 1147. 


Surge-Voltage Investigations on the 140-Kv. 


System of the Consumers Power Company During 1927 


BY J. G. HEMSTREET* 


Associate, A. I. E. E. 


Synopsis.—During the past four years, the Consumers Power 
Company has been making studies of surge voltages on its 140-kv. 
system in Michigan. Previous Institute papers have summarized 


INTRODUCTION 
N an effort to learn more of the electrical behavior of 
transmission lines, particularly under transient 
conditions, the Consumers Power Company and 
the General Electric Company conducted a cooperative 
investigation on the Power Company’s 140-kv. trans- 
mission lines during the summer of 1927. Surge 


Fig. 1—Consumers Power Co., 140-Kv. TRANSMISSION 
System 1927 


O Oil circuit breakers 
X Surge-voltage recorder stations 


voltage recorders were connected to the lines at various 

points in order to measure the magnitude and time of 

occurrence of transient voltages. Data obtained from 

these instruments were correlated with system operation 
*Both of the Consumers Power Co., Jackson, Mich. 


Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


J. R. EATON* 


Associate, A. I. E. E. 


and 


the results of these investigations up to the end of 1926. This paper 
describes the system, outlines the studies made during the summer of 
1927, and presents the results obtained during that season. 


and disturbances as recorded in the load despatchers 
log. 
DESCRIPTION OF SYSTEM 

The 140-kv. interconnected system of the Consumers 
Power Company is shown diagramatically on the map 
of the State of Michigan, Fig. 1. The system consists 
of three distinct parts interconnected through fre- 
quency changers and transformer banks: 

1. The 140-kv., 30-cycle lines on the western side of 
the state from Hodenpyl Dam through Grand Rapids 
to Kalamazoo and Battle Creek. (Knownas T-20) 

2. The 140-kv., 60-cycle lines from Kalamazoo 
through Battle Creek to Jackson. (Known as J-10) 


[Ve 


re r— 


6 ft. 6 ft 


soft, —————-+}.-12 + I2tt-4 


STANDARD K-11 TOWER 
AERMOTOR KM92 


Fig. 2—STANDARD TOWERS 
H-8 and K-11 lines 


STANDARD H-8 TOWER 
AERMOTOR KK71 


3. The 140-kv., 60-cycle lines from Mio and Eden- 
ville through Saginaw and Flint to Battle Creek. 
(Known as H-8, K-11, and Edenville) 

The 140-kv. system is operated with isolated neutral 
throughout. Numerous spur lines of lower voltages 
feed from the various stations on the 140-kv. system. 


TRANSMISSION LINES ON WHICH INSTRUMENTS WERE 
INSTALLED 

The surge-voltage investigation was conducted on 

the H-8 and K-11 lines between Saginaw River Steam 

Plant and Flint. Under normal conditions, these two 

lines operate in parallel, being tied together at the 
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substation buses. The design characteristics of these 
lines are shown in Table I. At the beginning of the 
summer neither line was equipped with a ground wire, 
but during the summer a ground wire was strung in 
place over the K-11 line. As these two lines are 
relatively close together, they are subjected to about 
the same storm conditions. 

Highteen surge-voltage recorders were installed on the 


H-8 


Tower 
1346 


Tower 
1469 


Tower 
1583 


Phase 
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et ek eee ee 
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Fig. 3—TRANSPOSITIONS AND RECORDER LOCATIONS 


H-8 and K-11 lines 
X Indicates surge-voltage recorder 


lines as shown by the diagram of Fig. 4. On each line, 
instruments were connected to all three phases at two 
towers, one of which was 214 mi. from theSaginaw River 
Steam Plant and the other about 31% mi. from Flint. 


TABLE I 
DESIGN CHARACTERISTICS OF H-8 AND K-11 LINES 
H-8 K-11 
m@ength, miles. 0s... seeks: 38 44 
Type of construction...... Steel tower Steel tower 


Aermotor KK-71 
Single-circuit tower 


VPC Of tOWEr. -..2 6: cones Aermotor KM-92 


Double-circuit tower 


(see Fig. 2) One circuit erected 
(see Fig. 2) 
Height of top conductor at 
TOWED, SEG ants. Sn toe ees 52 70 
Number of towers per mile 10 8 
Configuration of conduc- : 
DOT or ec fa eee ce ee 
Mondictor es isa ees 115,000-cir. mil copper} 3/0 copper (167,800 
cir. mil) 
Tnstiaitont: Ws 22.c.cu see 10-OB No. 25,622 9 OB No. 25,622 


10-OB No.10,566 mixed 


Are protection! ..5......02 None OB flux control 
Ground wire*.c. 2. eo a5 None 3/8 in. copper weld 
‘Transpositions..7.....225. None See Fig. 3 
Relays at Saginaw and 
Goa eee ee a eee Trip-out on ground 
(CR) -~- Same 
Trip-out on overload 3 
(CZ) Same 
Both directional Same 

Character of ground....... Flat Flat 


Soil Clay to sandy loam Clay to sandy loam 
Lightning arresters are installed at every sta- 
tion on the 140-kv. system except at Emery 


Jct.and Argenta. They are of various makes. 


*Ground wire on K-11 line strung in position “between June 12 and 
August 14, 1927. 


1. For references see bibliography. 
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Two additional recorders divided the intervening 
line into three approximately equal parts. At the 
tower nearest Flint on the K-11 line and in the middle 
of the adjoining span, surge recorders were installed 
to measure any voltage which might appear between 
the ground wire and the ground. Typical installations 
are shown in Figs. 5, 6, and 7. 


SURGE-VOLTAGE RECORDERS 


The surge-voltage recorder used in the investigation 
was a two-electrode instrument -which measured all 
transients by positive Lichtenberg figures. Con- 
nection to the line was made through a capacitance 
potentiometer consisting of a string of 15 standard 
suspension insulators, one end of which was connected 
to the line and the other end grounded. Instrument 
potential was obtained by a connection to the cap of 
the second insulator from the grounded end of the 


To Mio 
SAGINAW \ RIVER 


11 


& 
1692 


fs] 


To Battle Creek... 
indicates Surge Recorderon X-Phase 


Fig. 4—Location or Surge-Vottracr REcoRDERS 


H-8 and K-11 lines 
‘Showing distances between stations 


string. The recorders on the ground wire were directly 
connected, giving the same voltage on the instrument 
terminals as was built up on the ground wire. 


DURATION OF THE INVESTIGATION 


All surge-voltage recorders on the line conductors 
were put in service on May 81 and.June 1, and those 
on the ground wire, on July 8, 1927. 

On September 14, two instruments were stopped, 


Oct. 1928 


and on September 20 and 21, the remaining recorders 
were taken out of service. 


RESULTS 
During the period of the investigation, 219 surge 


Fig. 5—Typicat Surcre RecorpER INSTALLATION 
H-8 line 


Fig. 6—Tyricat Surce RecorDEeR INSTALLATION 


K-11 line 
Showing recorder connected to ground wire 


voltages, classified as to origin as given in Table II, 
were recorded. 
SURGE VOLTAGES DUE. TO LIGHTNING 


Number and Magnitude. During the investigation, 
76 surge voltages, which were attributed to lightning, 
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were recorded. The number of these surges, exceeding 
various times normal values, is shown by the curves of 


Fig. 8. It will be noted that only 20 per cent of the 
recorded voltages exceeded five times normal. 
(570 kv.) 


Polarity. Surges voltages attributed to lightning are 
classified as to polarity in Table III. 

These data indicate that all lightning surge voltages 
of appreciable magnitude on this particular system 
were oscillatory during the period of the tests. This 


Fie.~7—Suree Recorper InstaLruation at Mip-Span oF 
Grounp WIRE 


K-11 line 


TABLE II 
CLASSIFICATION OF SURGE VOLTAGES 


Highest crest value 


Times normal 


Origin Number Ky. 

RAGHU bs ate elect aie 76 10.0+ 1140 

SrA THN se ke cies ae sa uar seeds 93 3.3 375 
Accidental short circuits and 

STOUNGS ook oe ave iO 1 3.6 410 

Lipstiertsy ps wey ire eee us Por keae a iE ae 49 sry f 640 


Note: Normal crest voltage to ground = 114 kv. 


statement cannot be made as a definite conclusion 
because Of several factors among which are: 

1. The possibility of reflections with reversed po- 
larity of voltage. 

2. Possibility of secondary oscillatory surges re- 
sulting from circuit-breaker operation. 

3. Because of limitations of the instrument, two 
unidirectional surges of opposite polarity, occurring 
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with little intervening time interval, record as one 
oscillatory surge voltage. 

Nature. Lichtenberg figures of three different 
natures were recorded by lightning surge voltages: 
highly damped (H.D.), medium damped (M. D.), 


40 


w 
o 


NUMBER OF SURGES 


nN 
o 


= a 
OPI 2SRS ee 4S TGR 8.229 
TIMES NORMAL 


Fie. 8—NumeBerr or Ligutnine Surce Voutaces EXxcreEpine 
Various Timms-NorMAL VALUES 


10 11 


Entire season 
H-8 and K-11 lines 


and slightly damped (S.D.). The highly damped 
figures are interpreted as having been produced by 
surge voltages which were of extremely short duration, 
lasting for only a few polarity reversals. The medium 
damped figures are produced by surge voltages which 


TABLE III 
POLARITY OF LIGHTNING SURGE VOLTAGES 


Highest crest value 
Polarity Number Time normal Ky. 
Unidirectional 
IPOSIUIVEFareecice ro emoine etek 1 1.9 216 
INGZATIVO Ros cata en F 3 1,2 137 
Oscillatory 
Highest crest value 
ORLUEVOME cere anstents sua ee 28 8.4 960 
INORAUVElsiccgetis enwene « 20 1.5 855 
Positive and negative crest 
values equal........... 24 10.0+ 1140 + 


are less rapidly damped and may last for an appreciable 
length of time. Such surge-voltage registrations in 
almost every case correlated with arc-over from line 
conductor to ground and with automatic circuit 
breaker operation. These medium damped figures 
apparently are peculiar to the isolated neutral system, 
and are probably produced by line oscillations following 
flashover. The slightly damped figures are of un- 


‘confined to less than 20 mi. of line. 
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certain origin and seem to be dependent upon the type 
of potentiometer with which the surge recorder is 
connected to the line. In view of this uncertainty, 
conclusions drawn from slightly damped figures are 
open to question. Continued laboratory studies should 
lead to an accurate interpretation of the slightly 
damped figures. The number and magnitude of 


TABLE IV 
NATURE OF LIGHTNING SURGE VOLTAGES 


Highest crest value 


Time normal 


Nature Number Ky. 
Hs Dias caret keene eee 13 (Gs 855 
M.D ict Sis 31. c ee aero 10 tac 877 
S. Di occ eee ieee 16 728 890 
HD. MED Smixedes- epee 12 (fem l 810 
HD. 8. D> mixed ).ss- eee Ve Wises 832 
IMs DYS.D> mixed see 1i 8.8 1000 
H..D:. M.D. 'S;. Ds mixeds..-e. a 10.0+ 1140 + 

Total. o3:. .aeeatete ees 76 


lightning surge voltages under the above classification 
are shown in Table IV. 

Surge voltages which were recorded by highly 
damped or slightly damped figures were very similar 
as regards magnitude and extent over the transmission 
system. In almost all cases such disturbances were 
The magnitude 
of surge voltages recorded by medium damped figures 
was slightly less than the magnitude of those producing 
highly damped or slightly damped figures, but they 
were quite different in that they recorded with almost 
equal value at all instrument locations. 

Attenuation Along the Line. As pointed out 
above, surge voltages of medium damped charac- 
teristics are recorded with almost equal magni- 
tudes at all recorder stations, and hence show 
practically no attenuation along the line. Surge 
voltages recorded by either slightly damped or highly 
damped figures showed considerable reduction in 
magnitude from one instrument station to the next. 
Surge voltages of the highly damped type in some cases 
reduced from 250 ky. to 0 kv. in 10 mi., or at the average 
rate of 25 kv. per mile. Those recorded by slightly 
damped figures, in some cases reduced from 900 ky. to 
300 ky. in 10 miles, or at an average rate of 60 ky. per 
mile. 

Comparison of insulator flashover to surge voltage 
recorder data showed that in some cases the voltage 
reduced from a value sufficient to cause insulator 
flashover (about 1000 kv.) to 500 kv. in distances of 4 
to 10 miles. This indicates average reductions in 
voltage between 50 and 125 kv. per mile. 

Protective Value of the Grownd Wire. During 
the investigation, a ground wire was strung in 
place over the K-11 line, making possible a study of 
the operation of this line with and without a ground 
wire, and a comparison of its performance to that 
of the H-8 line which has no ground wire. Fig. 9 
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’ surge voltages measured and conductor height. 
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shows the number and magnitude of surge voltages 
recorded on the H-8 and K-11 lines before the ground 
wire was completely installed on the K-11. These 
curves indicate that during that period, the voltages 
recorded were about equally severe on the two lines. 
The curves of Fig. 10 show the number and magnitude 
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of the surge voltages recorded after the ground wire was 
installed. It will be noted that during this period, 
the recorded surge voltages were considerably less 
severe on the K-11 than on the H-8. 

Relation of Conductor Height to. Voltage Measured. 
The curves of Fig. 11 and 12 show the magnitude 
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and number of surge voltages recorded on the top, 
middle, and low conductors of the H-8 and K-11 lines, 
respectively, using only the data obtained at those 
stations where instruments were installed on all three 
conductors. From these curves, it is seen that no 
definite relation exists between the magnitude of 
It is 
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thought that transpositions in the line, reflection of the 
transient waves, and other factors, so complicate this 
study that voltages measured at a few recorder stations 
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do not give a true indication of the relative voltages 
induced at the origin of the lightning disturbances. 
Surges Coincident with Switch Trip-Out. In every 
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case of switch trip-out on the 140-kv. system, 
surge voltages were recorded at one or more of 
the surge recorder stations. Trip-outs of the H-8 
or K-11 lines between Saginaw River and Flint produced 
registrations on practically all instruments in operation. 
In some instances, the recorded voltages were low 
(400 kv.) as compared with the generally accepted 
value of insulator flashover (approximately 1000 kv.). 
However, it is reasonably certain that in such cases, the 
lightning discharge took place at a point on the line 
some distance from a recorder station, and the voltage 
wave attenuated considerably before reaching the 
first instrument. The transient recorded at the 
various instrument stations was probably the result 
of the arcing ground or of circuit breaker operation, 
rather than of the voltage disturbance set up by the 
lightning itself. The figures recorded at the time of 
switch trip-outs were predominately of the nature 
designated as medium damped, although also highly 
damped and slightly damped figures were frequently 
recorded. 

Surge voltages not coincident with switch trip-outs 
were for the most part very local in extent, of values 
from 1 to 10 times normal (114 to 1140 kv.) and of all 
three figures types with those of highly damped and 
slightly damped characteristics predominating. 

Surge Voltages on the Ground Wire. Table V 
shows the lightning surge voltages recorded on 
the ground wire at mid-span and at the tower, and 


TABLE V 
LIGHTNING SURGE VOLTAGES ON GROUND WIRE 


On ground wire On conductor 


At mid-span 318-319 At tower 318 At tower 318 
Ky. Ky. Ky. 
+35 + +28 +206 
—160 
+24 0 —456 
—16 +285 
-— 6 0 —410 
SES +285 
+5.5 0 Record obscured 
—3.7 0 —850 
+182 
+2.0 0 +205 


—160 


the highest value recorded on either of the line con- 
ductors at the same tower. : 

The data show that a much higher value of voltage 
may appear on the ground wire at mid-span than at the 
tower, possibly due to the finite length of time required 
for the transient to travel along the wire to ground at 
the tower. 

Line Failures. During the operation of the surge 
recorders lightning caused failure of the H-8 line about 
50 mi. southwest of Flint when an insulator flashover 
burned off one of the conductors, permitting it to 
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short-circuit with the conductor below and to fall to 
the ground. Automatic circuit-breaker operation cleared 
the section of line in trouble. The disturbance pro- 
duced a registration on all but two of the instruments 
on the line conductors.. In general, the surge recorded 
was of moderate value, but on Y-phase, tower 1692 of 
the H-8 line it reached a value of 7.7 times normal 
(880-kv.). 

Surge Voltages Due to Switching Operations. Surge 
voltages recorded coincident with routine switch- 
ing operations were 92 in number, were of highly 
damped figure characteristics, and reached a maximum 
value of 3.6 times normal (410 kv.). Switching on the 
two lines between Saginaw River and Flint invariably 
produced disturbance which recorded on the instru- 
ments, but switching on other parts of the 140-ky. 
system sometimes failed to produce registrations. 
Switching on equipment connected to the H-8 and K-11 
lines through transformers produced no record on the 
instruments. Deenergizing of either the H-8 or K-11 
lines resulted in voltage surges of higher magnitude 
than were produced by energizing the same line. 

Surge Voltages from Unknown Causes. During the 
season, 49 surge voltages were recorded for which no 
cause could be assigned. These voltage disturbances 
were all oscillatory and, for the most part, very local in 
extent. They were of relatively small magnitude, the 
majority being less than 3.0 times normal (340 ky.), 
and the most severe 5.7 times normal (650 kv.). Surge 
voltages of highly damped, medium damped, and 
slightly damped characteristics were about equal in 
number. 

It is thought that these surge voltages for which no 
cause could be assigned may have been produced by 
switching operations not listed in the load despatchers 
log, or by local lightning storm which were not noted 
by the operators. 


SUMMARY OF RESULTS 


On the 140-kv. lines of the Consumers Power Com- 
pany between Saginaw River and Flint in 1927: 

1. Lightning produced voltage surges whose magni- 
tudes were as high as 1100 kv. 

2. During this particular investigation, all surge 
voltages of appreciable magnitude due to lightning 
recorded on the two-electrode instrument as oscillatory, 
with no preponderance of positive or negative polarity 
indicated. In a number of cases, the record of the 
surge from the lightning itself was undoubtedly con- 
siderably obscured by secondary oscillations from 
arcing grounds and circuit breaker operation. 

3. The surge voltages due to lightning were charac- 
terized by three different figure types; highly damped, 


‘medium damped, and slightly damped. 


4. Surge voltages characterized by medium damped 
figures showed very little change in value from station 
to station, and frequently correlated with arcing 
grounds and switch trip-outs. 


Oct. 1928 


5. Comparison of simultaneous registrations of 
highly damped and slightly damped surge voltages 
showed the reduction in voltage from station to station 
to be of the order of 50-kv. per mi. From insulator 
flashover, the attenuation appeared to be in the order 
of 100 kv. per mile. 

6. The data indicated that the ground wire afforded 
some protection against lightning disturbances. 

7. No definite relation was shown between con- 
ductor height and voltage recorded. 

8. Surge voltages recorded coincident with switch 
trip-outs due to lightning frequently were of a magni- 
tude less than 400 kv., though higher voltages un- 
doubtedly existed on the line at points remote from 
recorder stations. 

9. Lightning surges which produced no switch trip- 
outs were, as arule, very limitedin their extent although 
they were frequently of a very high value. (800-1100 
kv.). 

10. Under lightning conditions, voltages in excess 
of 35 kv. were built up between ground wire and ground 
at mid-span, without excessively high voltage on the 
line conductors. The voltage from ground wire to 
ground was always considerably less at the tower than 
at mid-span. 

11. Normal switching operations produced surge 
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voltages of low value which extended over considerable 
length of line. 

12. Numerous surge voltages were recorded which 
could not be correlated with lightning storms or system 
switching. The magnitudes of such disturbances 
were relatively low, reaching values no higher than 
5.7 times normal (650 kv.). 
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Surge Voltage Investigation on the 132-Kv. 


Transmission Lines of the American Gas and Electric Company 
BY PHILIP SPORN: 


Member, A. I. E. E. 


Synopsis.—Daita on the surge voliage investigation, carried out 
under the auspices of the Subcommittee on Lighining, on one of 
the 132-kv. lines of the American Gas and Electric Company during 
1928, are presented. Most of the surges have been segregated as to 
cause, and plotted in summary form for more convenient use. The 
magnitude and character of recorded surges are discussed; and the 
conclusions drawn from data presented. 

Information on voltage surges due to lightning, switching, trip-outs, 


I. INTRODUCTION 


N carrying out the work of the Subcommittee on 
| Lightning of the Transmission and Distribution 
Committee of the A. I. E. E. with the author as 
Secretary, an extensive klydonograph layout was 
planned and placed in operation on the 182-kv. 
system of the American Gas and Electric Com- 
pany during the lightning season of 1927. This 
work, started under the sponsorship of the Subcom- 
mittee on Lightning, was made possible by the co- 
operation of the General Electric Company, the 
Westinghouse Electric and Manufacturing Company, 
and the American Gas and Electric Company, and the 
subsidiaries of the latter, namely, the Ohio Power Cont- 
pany and the Appalachian Electric Power Company. 
This paper presents some of the first data obtained 
from the investigation on one part of the system. 
It is planned to combine with all the 1927 work, data 
from other parts of the system, where the investigation 
was carried on, together with results secured from the 
continuation of tests during 1928, and present it later as 
a complete report by the Lightning Subcommittee. 


II. SyYsTEM INVESTIGATED 


In selecting a system on which to carry on this work 
during 1927, the Lightning Committee decided the 
132-kv. Philo-Canton line of the American Gas and 
Electric Company was particularly well suited, as this 
line had experienced a great deal of lightning trouble 
when first placed in service.2 It had been supplied, 
after careful study, with protective equipment designed 
to minimize lightning troubles; and it was situated in a 
section of the country where lightning storms were 
known to be unusually severe. 

The Philo-Canton line is a 73-mi., double-circuit 
A. C. §. R. conductor line, with wires in vertical 
configuration, one circuit on each side of the tower. 


1. American Gas and Electrie Company, New York, N. Y. 

2. ILnghtining and Other Experience with 132-Kv. Steel Tower 
Transmission Lines, Sindeband and Sporn, A. I. E. E. TRans., 
Vol. 45, 1926, p. 770. 

Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


and unknown causes are presented, as well as records of lighining 
arrester discharge currents, voltages across choke coils, and on the 
ground wire. ; 

This paper is presented at this time to make available to the 
engineering profession some of the information obtained, before the 
report of the Subcommittee on Lightning is completed. As experi- 
mental work is still being done in the field during 1928, anything 
like a complete report cannot be made until next year. 


The line is equipped with ring and horn protection on 
all insulator strings, and with one ground wire at the 
peak of the tower. This line is in Ohio, parallel to, and 
about 50 mi. west of the Ohio River. The 123-kv. 
system is operated with solidly grounded neutral, the 
only ground on the Philo-Canton line’ being at the 
Philo end. 

In carrying out the program, tests were made also on 
a 132-kv. lightning arrester at the Turner substation 
located in Charleston, West Virginia. 

This paper covers only results obtained on the Philo- 
Canton line and on the lightning arrester at Turner 
substation. ae 
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In planning the installation of instruments, locations 
were so chosen that it was expected valuable informa- 
tion would be obtained on the following: 

Choke coil effectiveness. 

Ground wire protection. 

Polarity of lightning. 

Transient voltages on the ground wire. © 

Functioning of lightning arresters. 

Attenuation of voltage surges. 

Voltage change at termination of ground wire. 

Switching surges. 

Action of tower ground resistance during insu- 
lator flashover. 

10. Relative surge voltages on symmetrically placed 

parallel conductor. 

The first instruments were placed in service May 10, 
1927, and the major part of the installation completed 
about June 15. The investigation as a whole was 
concluded October 16, 1927, although some of the 
instruments at the stations, where they were accessible, 
were continued in operation throughout the winter of 
1927-1928. 


IV. LOCATION OF INSTRUMENTS 


SCOPE OF INVESTIGATION 


Sl a IEE seal a 


The general location of klydonograph is shown in 
Fig. 1. The set-up included 37 G. E. double reverse 
electrode surge recorders and one Westinghouse four- 
electrode klydonograph. As connected, the instru- 
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28-77 


Oct. 1928 


ments were capable of recording surges at 40 different 
points on the system. It was realized, of course, that 
while instruments were located with a definite object 
in view, they would obviously record any and all surges 
on the line and therefore, information other than that 
specifically planned for would be obtained. 

In analyzing the layout, reference to Fig. 1 shows that 
stations Nos. 1 and 5, also 32 and 33, were located to 
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determine the voltage change across choke coils. 
Ground wire protection data were expected from instru- 
ments 7 to 19, 21 to 238, 33, 34, and 35. From the 
instruments located at Stations 7 to 19, inclusive, it was 
expected that somé information would be obtained on 
the attenuation of surges. Data on voltage character- 
istics at the termination of ground wire were expected 
at Stations 5, 41, 7, 29, and 32. A lightning arrester 
study was undertaken by instruments at Stations 4, 5, 
24, 30, 31, and 38. At Station 42 an instrument was 
connected to the ground wire at the peak of the tower 
to measure the voltage on the ground wire. At Station 
43, an instrument was connected from the base of the 
tower to an artificial ground system made from ground 
rods located at least 10 ft. from the base of the tower. 
This set-up was made to determine, if possible, any 
voltage change between the tower base and normal 
ground due to any drop through the tower ground 
resistance in case of flashover at this tower. Another 
interesting set-up is at Tower 172 including Stations 20, 
21, 22, and 23. This set-up was made to compare the 
two different types of instruments used and their 
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couplings to the line. Station 20 is a three-electrode 
Westinghouse klydonograph coupled to the line with 
pipe type potentiometers and Stations 21, 22, and 23 are 
equipped with G. E. surge-voltage recorders coupled 
to the line with insulator string potentiometers. 

Two typical set-ups of the instruments in the field 
at Stations 20, 21,22, and 23 are shown in Figs. 7 and 8. 
Figs. 7 and 8 show the tap leads extending from the line 
to the klydonograph stations located at the base of the 
tower, both pipe type and insulator string potentiom- 
eters with klydonographs appearing clearly in the © 
foreground. 

The insulator string potentiometer connections at 
Stations 1, 2, 3, and 5 are shown in Fig. 9. The 
klydonograph is shown tapped across the lower insu- 
‘In the first part of the test 
the instrument was tapped across the two lower units, 
but this connection was later changed so as to tap one 
unit, thereby increasing the potentiometer ratio. 


V. POTENTIOMETER COUPLING TO 132-Kv. CIRCUITS 


The klydonograph and surge voltage recorder, the 
action of which is well known, has been described pre- 
viously.’ Since these instruments are suitable for con- 
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necting to a circuit, the crest voltage of which under 
surge conditions ranges from 1500 to 30,000 volts,‘ 


3. The Klydonograph and Its Application to Surge Investiga- 
tion, Cox and Legg, A. I. E. E. Trans., Vol. 44, 1925, p. 857. 

The Measurement of Surge Voltages on Transmission Lines due 
to Lightning, Lee and Foust, A. I. E. E. Trans., Vol. 46, 1927, 
p. 339. 

4. The klydonograph will not record crest voltages below 
1500, and flashes over around 30,000. 
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the instrument must be provided with suitable reduction 
equipment to connect to high-voltage circuits of the 
order of 132,000 volts (108,000 volts crest to ground). 
In these tests two types of potentiometers were used to 
reduce the normal line voltage to a voltage suitable for 
the instrument. One type, the insulator string poten- 
tiometer, is shown in Fig. 2, and consists essentially of 
14 line insulators with the instrument tapped across the 
lower insulators on the ground end of the string. This 
type of potentiometer connected to the high voltage 
" side of the circuit, was used with all G. E. surge record- 
ers. The other type potentiometer shown in Fig. 3, 
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Fig. 3 


was used on the Westinghouse klydonograph. This 
potentiometer consists essentially of four 3-in. pipes 
approximately ten feet long assembled with two strings 
of line type insulators. With the insulator string 
potentiometer a ratio of approximately 52/1 was secured 
when tapping the bottom insulator and 38/1 when 
tapping the bottom two insulators. The ratio used 
with the pipe type potentiometer was approximately 
65/1. There are two main differences in these two 
types of potentiometers. First, with the insulator type 
the dielectric field is principally in porcelain, while with 
the pipe type it is mainly in the air. Second, the 
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klydonograph is tapped across a part of the insulator 
string leakage path with the insulator string type 
potentiometer, but this is not the case with the pipe 
type of potentiometer. 


VI. CHARACTER OF SURGES 


The general types of Lichtenberg figures obtained on 
all records are shown in Figs. 4, 5, and 6. In Fig. 4, 
surge 1 is a typical lightning figure, which is described 
as highly damped, and it will be noted from the figure ~ 


4—Suren-Vottace RecorperR Fir~tp Recorp—QOuio 
Power Co. 
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1 typical lightning (HD) figure 
2 & 4 (HD) figures, line deenergized 
3 & 5 (HD) figures, line energized 


5—SurGe-VotTaGE RecorperR Fretp Recorp—Ouro 
Power Co. 


Fig. 


Typical (SD) figure 


that there is a large positive and a very small corre- 
sponding negative just observable above the normal 
voltage band (the large figure may be positive or 
negative, depending upon which electrode originally 
recorded it). Surges 2 and 4 are typical switching 
surges of a highly damped nature and indicate a rather 
high voltage, but with only a few reversals of high 
magnitude. This is clearly shown by the lack of 
density in the figures. Surges 3 and 5 are also switching 
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Power Co. 


_ Special switching operation. 1—Line deenergized at Canton 
2—Line energized at Canton 
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Tower 172 showing line coupling 
Philo-Canton 132-ky. line 


8—Fistp InsTaLuaTion oF SurGE REcoRDERS 


Tower 172 showing line coupling 
Philo-Canton 132-kv. line 


surges of a lower magnitude with surge No. 3 showing a 
tendency for a sustained voltage considerably in excess 
of normal line voltage. A typical slightly damped 
figure is shown in Fig. 5. In general, this type of 
picture indicates an oscillatory voltage sustained for a 
relatively long period of time. Its reproduction in the 
laboratory has been approximated by normal frequency 
voltage for a period in the order of aminute. Although 
it has never been perfectly reproduced in the laboratory, 
such attempts as have been made seem to indicate it . 
requires an oscillating voltage and also an appreciable 
element of time. 

A number of this type of surge was obtained during 
the test period, but as their presence could not be 
explained, and since, as described later, they appeared 
to be a function of the potentiometer used, they have 
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not been used in presenting data in this paper, except to 
indicate that they have existed. 

Other typical switching surges are shown in Fig. 6, 
surge No. 1 being a line deenergizing surge and surge 
No. 2 being a line energizing surge both recorded at the 
Canton end of the line. . 


VII. DATA OBTAINED AND ANALYSIS 


During the period of instrument operation up to 
October 16, 1927, approximately 3600 Lichtenberg 
figures, resulting from 550 surges, were obtained on the 
Philo-Canton section. of the system. These surges were 
classified and regrouped so that a detailed study might 
be made of any particular type of surge. On the Phil- 
Canton line these surges have been classified according 
to cause, as follows: ; . 
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TABLE I 
2. 
. “. 
Total damped 
Unkwowm origm.________-------------------+] 235 : 272 
Outside switching __..-__------------------- 23 2 
Pure switelime surges. __---_.-.-------------- igi 191 
Rieieiaing, eres. - =. 2-25 ee ae er eed 166 : 6 
Camibmed Eeitning and switching .....---.-- 6 , = 
Lagbtnimg arrester Gorbarges......--.-------- » : B28) 
Gueueed wiee age... 2-22 nin ee ee =) a 


Outside and Pure Switching Surges. For more 
convenient study, the surge data have been assembled 
into summary curves, two of which are shown in Fig. 10. 
The lower curve applies to outside switching surges and 
shows that of 26 surges the maximum was 18 timesnor- 
mal and that 50 per cent of them were over 14 times 
normal. Outside switching surges are classified as sur- 
ges originating from switching on parts of the system 
other than where instruments are located. In some 
cases surges were caused by switching on the secondary 
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side of the transformers connect@d to the 132-kv- line. 
This type of surge has also been included in this curve. 

The upper curve of this Fig. 10 shows the results of 
101 pure switching surges with maximum recording 
value of 52 times normal. These surges have been 
segregated as to nature, showing 9 positive, 12 negative, 
and 30 highly damped. Two points of the curve have 
been marked, indicating the maximum recorded voltage 
on energizing; also on deenergizing the line. These two 
points were the results obtained on four separate 
switching tests of the Philo-Canton line, in which 
as well as switching load at Newcomerstown (the 
approximate half way point of the line) were separated 
by one hour intervals. In the earlier part of the tests 
it was found that lightning and switching surges 
occurring at the same time caused some confusion due. 
to the absolute impossibility of separating the switching 


one hour intervals in a prearranged test and in this way 
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study the effects of switching load, deenergizing the 
line, and energizing the line. Results show that the 
the maximum surge was 2.3 times normal. 

To show the effect of the switching voltage through- 
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Phile-Canton 122-kyv. line on July 20, 1927—11.00 p. m 
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out the entire length of the line, the records obtained 


tinet tendency of higher voltages at either end of the 
line due to reflection will be noted. 
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- exceeded two times normal. 
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Surges of Unknown Origin. Surges of unknown 
origin on the Philo-canton line are shown graphically 
in Fig. 11. While there were 272 surges for which no 
cause could be found, it will be noted that these never 
exceeded 2.5 times normal and only five per cent of them 
This type of surge can be 
dismissed as being unimportant in magnitude, although 
constituting a comparatively large number of voltage 
changes on the line. 

Lightning Surges. The 96 lightning surges on the 
Philo-Canton line are summarized in Fig. 14. The 
maximum surge indicated is 4.4 times normal and 50 
per cent of the surges are above one and one-half times 
normal. These surges have been segregated as to 
nature predominating in each surge, as follows: 25 
negative, 42 positive, and 29 highly damped. 

Lightning and Lightning Surges. The four lightning 
surges on the line causing line trip-outs, gave maximum 
voltages of 5.0 and 3.7 times normal to ground. These 
were slightly damped surges, and it is believed may have 
been caused by the switching surge following the light- 
ning voltage flashover. The other two surges recorded 
a maximum of 5.4 and 6.2 times normal, but both being 
S. D. figures, the results were not seriously considered. 
Since lightning voltages over double the values recorded 
above are necessary to cause insulator flashover, it is 
clear, even with a fairly large number of instruments on 
the line, there is no certainty that anything like the 
maximum voltage on the line will be recorded. As 
sections of line in the order of 25 mi. existed where no 
surge recorder was located, this shows that the light- 
ning voltages did not travel with destructive values any 
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great distance. This characteristic of the lightning 
surge is distinctly different from the switching surge. 
Voltage Drop Through Choke Coils. The attempt to 
measure the voltage drop through choke coils was rather 
ineffective on account of the existence of 8. D. figures 
in the records. However, of 10 lightning surges (no 
S. D. figures included) the bus side of the choke coil was 
the higher on four surges, averaging nine per cent 
higher than the line side and on six surges the line side 
of the choke coil was higher, averaging 2514 per cent 
higher voltage than on the busside. It can only be said 
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that a tendency exists, as indicated, for the choke coil 
to reduce the lightning voltage originating on the line 
in the order of 25 per cent, but it is not felt that sufficient 
data on this subject have been obtained to prove finally 
the effectiveness of the choke coil. 

Lightning Arrester Data. The data on all six light- 
ning arresters are summarized in Fig. 15. The only 
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record of current discharge in the arresters was obtained 
at Newcomerstown and Turner substations. No 
records were obtained at Philo or Canton on lightning 
arresters due apparently to the arrester not discharging, 
although the instrument was set up to record a current 
as low as about 150 amperes in the neutral leg. In 
Fig. 15 it should be noted that the current and voltage 
are not simultaneous readings. Forty lightning arrester 
discharges were recorded; 21 were positive, 11 were 
negative, and 8 were highly damped. Of the light- 
ning discharges 12 were positive, eight negative, and 
four highly damped. Of the switching discharges one 
was positive and one negative. Of the discharges due 
to unknown causes nine were positive, two negative, 
and two highly damped. One discharge due to an 
arcing ground registered minus 360 and plus 410 
amperes, being of a highly damped nature. Anattempt 
to plot a curve of current against voltage recorded 
resulted in a shotgun curve of little value. It is felt 
that considerably more work will have to be done in 
securing lightning arrester data before any definite 
conclusion is arrived at. 

Iightning Surges on Parallel Circuits. The data 
secured at instruments located on the top wires of the 
two Philo-Canton lines (eliminating S. D. figures) 
gave nine surges including four positive, two negative, 
and three highly damped. The ratio of the two lines 
at any point varied from 0.80 to 1.25, averaging 1.03. 
The minimum voltages occurring during these surges 
were in the order of 120 kv. to 140 kv. minimum to a 
maximum of 340 to 400 kv. The data here, again, are 
too meager to prove definitely that the induced voltages 
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on the two wires are equal; but this tendency is 
indicated. 

Tower Base Voltages. At Station 48 where an instru- 
ment was located to determine the voltage between the 
tower base and ground, norecords were obtained during 
the season. It should also be noted that at this tower 
there were no flashovers of the line. 

Comparison of Potentiometer Couplings at Tower 172. 
This location of instruments was made to give a com- 
parison of instruments and of potentiometer couplings. 
Some 300 records were obtained on the instruments 
located at this station from which certain and definite 
data were obtained. It was shown that the two 
types of instruments were equally effective in recording 
surges, but that there was a distinctly troublesome 
difference between the pipe type and insulator string 
type potentiometer. In practically every case the 
instruments recorded surges of unidirectional or highly 
damped surges equally well on both potentiometers, 
but when there were surges on the line, apparently due 
to lightning, the instrument connected to the pipe type 


potentiometer practically always recorded unidirec- | 


tional surges. At this time, however, the instrument 
connected to the insulator string potentiometer would 
frequently record surges of a slightly damped nature. 
That this occurrence was due to the potentiometer alone 
was definitely proved by coupling two separate instru- 
ments to the same point on the line, one through a pipe 
type and the other through an insulator string type 
potentiometer. Slightly damped surges, six and one- 
half times normal and above, were recorded at this 
station through the insulator string potentiometer which 
failed to indicate at all through the pipe type coupling. 
Slightly damped figures as low as 1.8 times normal 
have been recorded through the insulator string poten- 
tiometer which failed to give any record at all through 
the pipe type coupling. 

A study of results secured at this tower led to the 
conclusion that all of the so-called slightly damped 
surges recorded in the investigation should be excluded 
from analysis and consideration, in a study of the data; 
and this practise has been followed in this report. 

Study made subsequently in the laboratory confirmed 
the impression that the S. D. figures are brought about 
in some way by a condition in the circuit of the insulator 
string type potentiometer, and that while a surge occur- 
rence on the line may set off the circuit that finally 
produces the S. D. figures, that no potential of the order 
generally indicated by the S. D. figures actually exists 
on the line itself. All the laboratory work failed to 
disclose a means whereby an S. D. figure could be actu- 
ally reproduced. As a consequence, the conclusion was 
reached to disregard the 8. D. figures obtained on the 
insulator string potentiometer on past work, and in 
future work to adhere either to the pipe type potentiom- 
eter or to a modification of the string potentiometer 
that would definitely preclude.the possibility of the 
S. D. figure recurring. It appears that if the circuit is 
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so arranged that the instrument itself is not shunted 
across the 60-cycle leakage path, the S. D. figure 
will not show up; and work is being done in several 
directions to effect this change in the potentiometer 
coupling. From this standpoint it is felt that the 
layout at Station 172 was a particularly fortunate one, 
and contributed considerably to the study of lightning 
phenomena by means of the klydonograph. It has 
resulted in definitely disclosing a weakness in one type 
of potentiometer arrangement and has eliminated the 
possibility of misleading conclusions as a result of faulty 
data. 

Effect of Normal Line Potential on Recorded Voltages. 
The surge recorder shows the maximum crest voltage at 
its terminals, and by the use of ie potentiometer ratio, 
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the crest voltage on the line, when potentiometer 
coupled to the circuit under investigation. It is, 
therefore, clear that a recorded surge must be the 
instantaneous sum of the surge voltage and the line 
voltage. In Fig. 16 are shown the instantaneous 
voltages of the three line wires of a 132-kv. circuit during 
one complete cycle. 

Now assume a voltage surge of 300 kv. positive on all 
three line wires, and further, that this surge occurs at 
210 deg. on the time scale. Due to normal line voltage 
No. 2 phase is 108 kv. above ground, and No. 1 and No. 
3 phases 54 kv. below ground. Surge recorders at this 
location would indicate the sum of normal plus surge 
voltage; and conditions in Table II would obtain. 

While 18 per cent error in surge recorder instruments, 
including line coupling in their present stage of develop- 


TABLE II 
Phase 1 | Phase 2 | Phase3 
Surge. voltage (ey). a,c c- cra we AoE © 300 300 300 
Line -Volia@e! (ICVi) i. s.civu ee tas ee ee 100 —54 —54 . 
Recorded voltage (Kv.)............-000- 400 246 246 


Per, Cont OIG. aicsy eons Seok eet one 33 18 . 18 
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ment, is perfectly reasonable, and 33 per cent may be 
slightly excessive, let us examine the ratio of recorded 
to actual voltages on phases 1 and 2. This ratio is 
1.63 for the recorded voltage and 1.00 for the actual 
voltage, giving an error of 63 per cent, which is dis- 
tinctly excessive if the data are to be used in studying 
surge voltage attenuation, effect of the ground wire, 
voltages on lightning arresters and the like. 

It should be pointed out, however, that the effect of 
normal line voltage on surges decreases with increase 
of the surge magnitude. An error of 63 per cent with 
a 300-kv. superimposed surge becomes only 18 per cent 
for a 900-kv. surge. With surges of low magnitude 
the error becomes greater; and in some cases an errone- 
ous conclusion may be reached unless the influence of 
normal line voltage is considered. 

While the above feature is decidedly fundamental, it 
is felt that its importance in analyzing data should be 
emphasized at this time to forestall any wrong conclu- 
sions being drawn from data, particularly where surges 
of the lower magnitudes are involved. 


VIII. CONCLUSIONS 


1. The choke coils reduced the recorded lightning 
voltage in the order of 25 per cent, although tests on 
this feature are not extensive enough to prove this 
statement conclusively. Reflections at the choke coil 
may also have had a decided effect in altering the 
incoming voltage wave, so that this 25 per cent may not 
have been an actual reduction of the initial wave. 

2. The protective value of the ground wire could 
not be proved conclusively from the data, due largely 
to the presence of S. D. figures in the records. It is 
planned to continue this investigation the coming year. 

3. The record on instruments at the time of line 
trip-outs due to lightning (maximum 5.0 times normal 
voltage is found) indicates that the voltages higher than 
recorded must have existed on the line for flashover to 
have occurred. This brings up the point that surge 
recorders must be placed in generous numbers on a line 
to study line performance thoroughly. A further 
tendency is indicated from these data, that is, that 
lightning voltages do not travel a great distance; 
otherwise there would have been recorded high voltages 
on some of the surge recorders. 

4. The polarity of lightning surges indicated a 
preponderance of positive impulses. Of 96 surges 42 
were positive, 25 negative, and 29 highly damped. 

5. Transient voltages on the ground wire at the 
tower were recorded as high as 8200 volts negative 
during a lightning storm, and in all cases were of the 
order of 3000 to 4000 volts. These surges were recorded 
at times of lightning storms and switching; in some 
cases no cause could be found. This relatively low 
voltage on the ground wire compared with the higher 
voltage on the line is positive evidence of the effective- 
ness of the ground wire in reducing the impulse voltages 
on the line itself. 


6. Lightning arrester discharges in all cases were of © 
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the general order of 200 to 400 amperes, although two 
cases were recorded as high as 1260 and 2620 amperes. 
Measured currents were in all cases the sum of the 
currents in all three legs of the arrester. The highest 
recorded current was negative; the 1260 ampere value 
was highly damped, being initially negative. 

7. Attenuation of lightning surge voltages failed to 
give any conclusive results largely on account of the 
presence of S. D. figures. 

8. The attempt to determine voltage changes at the 
termination of the ground wire was not very successful 
due largely to insufficient reliable data and the proxim- 
ity of the test point to the substation where the numer- 
ous changes in surge impedance introduced the question 
of reflected waves. 

9. Switching surges have been recorded as high as 
5.2 times normal, which seems to be in general agree- 
ment with previous results. Over 50 per cent of the | 
switching surges were of the order of two and one-half 
times normal to ground or higher. By isolating switch- 
ing surges in four special tests, it was shown that the 
surge voltage on deenergizing the line was approxi- 
mately twice as great as on energizing the line. Switch- 
ing surges are mostly of a highly damped nature, as 
shown by the data. 

10. No voltage was recorded between the base of a 
tower and ground, during the tests, although the 
voltage at the peak of the tower to which the ground 
wire was attached indicated surge voltages up to 
8200 volts. 

11. The relative lightning voltage on parallel 
conductors is shown to be equal, although the data are 
too limited to prove this point definitely. 

12. It was shown that the two types of surge re- 
corders are equally reliable from the point of view of 
measuring surges; but it was also shown that the type 
of coupling employed to connect the instruments to the 
line must be carefully studied and selected or erroneous 
conclusions may result. This point is clearly shown 
from the experience at Tower 172, Stations 20, 21, 22, 
and 23. 

13. This investigation, it is believed, has resulted 
in some new information, some confirmatory and some 
negative. All this information is valuable, although a 
great deal more data must be obtained to properly solve 
the lightning problem. With this data, together with the 
data it is hoped to get during the year 1928 lightning 
season, it is believed some further light will bethrownon 
the lightning voltage situation. 

Acknowledgment is due to the various men in the 
organization of the General Electric Company, the 
Westinghouse Electric Manufacturing Company, the 
American Gas and Electric Company, the Ohio Power 
Company, and Appalachian Electric Power Company, 
who participated and helped in the work of this 
investigation. 

Discussion 
For discussion of this paper see page 1147. 
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Synopsis.—This paper presents the history of the operating 
experience and surge-voliage recorder data for the years 1926 and 
1927, on the first 220-kv. line in the East. 

The system of the Pennsylvania Power & Light Company is 
described. Lightning weather data, design characteristics of the 
220-kv. line involved, and details of connection and installation of 
surge-voliage recorders are given. 


The study shows the magnitude of surge voltages encountered, 
method of classification, effect of our overhead ground wires, 
etc., and points out the necessity for comprehensive lightning 
research, which will Pee a systematic solution of transmission 
problems. 


GENERAL 


HE system of the Pennsylvania Power & Light 
Company is located in the northeastern part of 
Pennsylvania. It traverses several mountain 

ranges, which attain a maximum elevation of 2100 ft. 
In the anthracite coal fields and in the northern part of 
the system the terrain is particularly rugged, rocky, 
and exposed to storms. 

Coal mining, cement, metallurgical, slate, textile, 
furniture, shoe, and other miscellaneous industries 
provide a field for a desirable, important, and diversified 
load. In addition to the above, a number of large 
communities depends entirely upon this system for 
electrical power. The natural growth of the system 
and favorable economic conditions permit the establish- 
ment of interconnections with practically all neighbor- 
ing systems. 

Power is generated in eight major steam stations. 
With one exception these stations use small sizes of 
anthracite—either pulverized or on stokers. In ad- 
dition, one major hydroelectric station of 40,000-kw. 
capacity at Wallenpaupack furnishes power during 
peak load periods. This hydroelectric development, 
because of its design and method of operation, provides 
on short notice (90 to 120 sec.) a capacity which assists 
materially in the economical operation of the steam 
stations. 

The present major network and primary distribution 
is operated at 66,000 volts. Over 50 per cent of this 66- 
ky. network is on wood pole lines. Numerous step- 
down transformer stations are connected directly to the 
main lines, thus affording readily accessible power to 
large, as well as comparatively small consumers at the 
system primary voltage. 

This 66-kv. system, at present, is connected at 


Siegfried with the hydroelectric station at Wallen- 


paupack by means of a 220-kv. transmission line, which 
was placed in operation in 1926. Although it was the 
first line operating at this potential in the East, of 
far more importance is the fact that it was the first 


1. Assistant to General Superintendent, Pennsylvania Power 
& Light Co., Allentown, Pa. 

Presented at the Summer Convention of the A. I. E. E., Denver, 
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220-kv. line in lightning infested territory, and for this 
reason it afforded the first substantial experience with 
an opportunity for study of the effects of lightning on a 
line and equipment insulated for 220-kv. operation. 
During 1928, additional lines at 220-kv. were placed 
in operation establishing an interconnection between 
the systems of the Philadelphia Electric Company and 
the Pennsylvania Power & Light Company, and con- 
sequently tying together the two hydroelectric stations, 
Conowingo and Wallenpaupack. This connection is 
shown on the map of Fig. 1. Later these lines will be 
a part of an extensive 220-ky. network and intercon- 
nection between large stations of several systems. 


LEGEND 


Fig. 1—Map or Pennsytvania Powsrr & Licut Co. System 


Showing major transmission lines, power plants, substations, and the 
path and number of lightning storms for the season of 1927 


LIGHTNING WEATHER DATA 


Lightning weather observations were made by the 
operating organization at numerous company sub- 
stations. The data thus obtained were analyzed in 
conjunction with the U. S. Weather Bureau records. 

The map (Fig. 1) indicates the principal mountain 
ranges and valleys and the paths of lightning storms 
during 1927. The solid lines denote the main general 
paths of the storms, while the broken lines indicate 
divergencies and show how storms break up and follow 
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_ different routes. In general, the storms seem to follow 
the mountain ranges rather closely, breaking through 
at points where streams have formed definite gaps. 
The general cyclonic storms moving eastward over the 
territory, extend from the northern to the southern edges 
of the system and during the course of their travel 
are reported from practically all stations. Of approxi- 
mately 60 storms occurring during the 1927 season, 25 
were of this wide-spread type, 26 were of a generally 
local type, following only one of the various paths 
indicated, while the remainder were entirely local, 
being reported from only one or two adjacent stations. 
The duration of the storms is variable. The purely 
local storm may last from fifteen minutes to three hours, 
depending on conditions at the time it occurs. The 
general type of storm may be in evidence for a period 
_ ranging from two to seven hours before it has entirely 
disappeared from all parts of the system. 
The map (Fig. 1) also shows, for the year 1927, the 
number of lightning storms reported from various 
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lable source of trouble and is the most complicated and 
least known phenomenon. As a result, the power 
industry has before it the big problem of lightning 
research—what lightning is, how to handle it, and how 
to apply this knowledge in obtaining better line 
performance. 

The comprehensive collection of operating data, 
supported by data from surge voltage recorders, labora- 
tory research, study, and correlation of facts will un- 
doubtedly permit, within a few years, a systematic 
solution of transmission problems. 

The surge voltage recorder is a big and important tool 
in lightning research in the field. It permits, with 
certain limitations, the study of lightning potentials, 
wave shape of impulses encountered on transmission 
lines, attenuation, effect of overhead ground wires, etc. 
It throws some light, also, on the little known 
phenomenon of the relation of lightning and power arcs. 

Of course, the value of the data resulting from the 
study covered by this paper, obtained during a short 
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Showing locations of surge-voltage recorders, transpositions, protective gaps, and overhead ground wires 


locations. These data are not indicative of storm 
severity or duration and may or may not represent an 
average year. From this information it may be 
seen that the system under discussion is subjected 
to lightning storms in excess of the average over 
the country.2. The records show that during 1927, 
35 of the total of 59 storms observed caused line trip- 
outs, for the year 1926, 40, and for 1925, 51 storms 
eaused trip-outs and were recorded. No complete 
record was kept of storms which did not affect operation 
during these earlier years. 
OBJECT OF SURGE VOLTAGE STUDY 

The importance of successful operation of large trans- 
mission systems cannot be overemphasized, and the 
minimizing of the effects of voltage disturbances caused 
by flashovers due to lightning is of importance. In 
eastern territory lightning is a major and uncontrol- 


2. Overhead System Reference Book, N. E. L. A., p. 479, 
Table 122. 


period of time, should not be overestimated, and 
deductions so drawn cannot be considered as indis- 
putable facts. On the other hand, the possibility of 
obtaining a mass of rather conflicting data at the outset 
should not discourage further studies, as its dependa- 
bility will increase with the length of period observed, 
i. €., with the number of lightning seasons. 


THE WALLENPAUPACK-SIEGFRIED LINE 

The terrain crossed by the Wallenpaupack-Siegfried 
Line is mountainous, quite rugged, rocky, and timbered 
at its northern end where a maximum altitude of 
2100 ft. is attained. Rolling farming country pre- 
vails at the southern end. When excavations for 
the tower footings were made, it was found that over a 
large portion of the line, the material removed consisted 
of broken or loose rock which was very difficult to drill 
or bore. The ground and tower footing resistance 
averages 50 ohms, with a maximum of 325 ohms on the 
mountain tops. 
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Table I gives the general characteristics of the line,® 
and Fig. 2 indicatés the terminal connections. 
Table II contains pertinent information about the 
terminal apparatus, and Fig. 2 is the one line diagram. 
Fig. 3 shows the standard “A” type of tower. Fig. 4 
shows the suspension insulator assembly with ring and 
horns. 

During the summer of 1927 (May-July) two overhead 
ground wires were installed for the approximate 
distances of 20 miles at the Wallenpaupack (northern) 
end of the line and of five miles at the Siegfried 
(southern) end. 


SURGE VOLTAGE RECORDERS 
The surge voltage recorder study was made co- 
operatively by the General Electric Company and the 


TABLE I 


GENERAL CHARACTERISTICS OF THE WALLENPAUPACK- 
SIEGFRIED LINE : 


Frequency... > wh ose eee eee 60 cycles 
Voltage— 
Retween ‘phastes..u 2 we: eee 220,000 volts 
Phase io praannass b oa ee eee 127,000 yolts 
Normal crest volts to ground......... 180,000 volts 
60-cycle flashover (dry).............. 600,000 volts 


Line insulation flashover at lightning 
voltages, approximately............ 
*Protective gaps at stations—flashover 
at lightming voltages.............. 


1,800,000 volts 


1,300,000 volts 


Cirentta: (35 2 4e bh eee ee pURio i 

Richt of way. 8s <. oo te eee ee eee 100 ft. cleared and danger 
timber cut 

LesipGs. 3. oe oda oe See ee eee a 65 mi 

Type of constracians<4.. 5025520448 Steel tower 

Configuration of conductors............ 22.5 ft. flat 

Height of conductors at tower......__-_. 65.7 ft. 

Height of ground wires at tower........ 75.5 ft. 

Averaee sxan : «a ee 1,100 ft. 

Maxima span, 2.0.2), ee 2,400 ft. 

Comductar: o.oo eee eee 795,000 cm. A. C. S. R. 

*Ground wire—two................... 184,000 cm. A. C. 8. R. 

Insulators— 


Locke No. 7500 high strength unit: 


Suspension assembly.............. 14 units 
Tension assembly - 320 ee 16 units 
Are protection and grading........_.... Rings at line end, horns at 
ground end. 
Distance from grading ring to horn of 
suspension assembly. ................ 5 ft. 1134 in. 
risuaeanen .; ie oe cee oo Ee See Fig. 2 
Relays: 
‘Wallonia Sb oan eee Sem Overcurrent and ground 


Overcurrent and reverse power 


Pennsylvania Power & Light Company. The former 
furnished a number of surge voltage recorders which 
the latter installed and serviced throughout the seasons. 
The data from the instruments were analyzed, and were 
correlated with the system operator’s log and weather 
reports. 

The recorder used was the General Electric two- 
electrode instrument,‘ which makes possible the 
measurements of transients by positive Lichtenberg 
figures. 

3. “‘Wallenpaupack Hydro Electric Development,” A. E. 
Silver and A. C. Clogher, Electrical World, July 24, 1926. 

4. Measuremenis of Surge Voliages on Transmission Lines Due 


to Lighining, by E. S. Lee and C. M. Foust, A. I. E. E. Trans., 
Vol. XLVI, 1927, p. 339. 
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TABLE II 
GENERAL CHARACTERISTICS OF SUBSTATION EQUIPMENT 
Transformers: 
At Siegfried 
Four single-phase units, bank capacity 86,600 ky-a. 
High woltage. 0.53.5. .ee age eee 127,000/220,000 Y — 
114,000/198,000 Y 
Low “voltage << ..0 085 Scie o 5 oie eee 38,100/ 66,000 Y — 
Tertdary v'.. 2 Seach ere eee 10,750 Delta 
Manufacturer, (0s .6 Galea tee ee General Electric Co. 


At Wallenpaupack: 


Four single-phase units, bank capacity 50,000 ky-a. 
Bigh. voltage... sss <a eee 134,000/231,000 Y — 
121,000/209,000 Y 
how VoOulare 5.5.50 cee eee oe 11,000 Delta 
Manufacturer ssi~- 3 no Sa aw ORR OTS General Electric Co. 
220-Ko. Oil Circuit Breakers: 
Wallenpaamatt. 5 0.72.565, seinen see et None 
Siegfried) 02 = 5225 cee See eetteis ms None* 
Lightning Arresters: 
Wallenpaupack:.. . 324-0 ee es ; None 
Sieefried : Aa. cob usc 2s Sak cas eee None 


Nors. All switching of the energized line is done from 11 ky. and 66 ky. 
side of transformers at Wallenpaupack and Siegfried respectively. Neutral 
dead grounded at each transformer station. 

*Three 220-kv. oil circuit breakers placed in service in 1928 with the 
advent of the Siegfried-Philadelphia 220-kv. line. 


The instrument was connected to the line through © 
a capacitance potentiometer consisting of a string of 
20 Locke No. 7500 disk insulators, one end of which 
was connected to the line and the other to ground. 
The instrument potential was obtained by a connection 
to the cap of either the second, third, or fourth insulator 


Fig. 3—Typicat Suree-votrace RecorpER INSTALLATION 


Type “A’’ tower potentiometer assembly and surge-voltage recorder 
installation : 


from the grounded end of the string depending upon 
potentiometer ratio desired (see Tables III and IV). 

A typical surge voltage recorder installation is shown 
in Fig. 3. The recorder is installed on an elevated 
platform, which makes it inaccessible to unauthorized 
persons. Provision for grounding the instrument when 
it is serviced as well as other features are incorporated 
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to make the installation safe. This arrangement of 
the recorder in its sheet metal housing results in a ratio 
of 60 to 1 between line voltage and instrument voltage 
for the 20-4 insulator combination, a ratio of 70 to 1 for 
the 20-8 insulator combination and 90 to 1 for the 20-2 
insulatorcombination. Theseratioswere determined in 
the High Voltage Laboratory of the General Electric by 
calibrating an assembly similar to the field arrangement 
by impression of surge voltages of known magnitude 
and wave form. The operation of the surge voltage 
recorder was fully described before the Institute.® 
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Fig. 4—WaALLENPAUPACK-SincrRiep 220-Ky. Line 


Single string insulator assembly 


The Lichtenberg figures recorded on the photographic 
films of the various instruments were interpreted as to 
magnitude, nature, and time of occurrence. Simul- 
taneous registrations on several instruments located 
at different points along the line have been grouped 
together and designated as a single surge. The 
magnitude of the surge voltage on the instrument was 
determined by figure size, and the magnitude of the 
surge voltage on the conductor was obtained by 
multiplying the recorded instrument voltage by the 
potentiometer ratio. All surge values given in this 
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paper refer to the voltage between the line conductor 
and ground. 


220-Kv. OPERATION OF RECORDERS DURING 1926 


The 1926 study will be touched upon briefly to give 
a more complete perspective of the experience with the 
line under study. 

During the 1926 season, the line was operated in two 
distinct periods, from April 23 to August 14 at 220 
kv., and from August 15, 1926 to March 13, 1927, at 
66 kv. 

The locations of the instrument were so arranged as 
to obtain a maximum of data from the limited number 
of instruments. From Fig. 2 and Table III it may be 
seen that on phase A there were instruments at each end 
with three along the line at approximately equal inter- 
vals. Phase B was equipped with instruments only at 
each end. Table III also contains information on 
potentiometer ratios used. 

During this period a number of severe lightning 
storms passed over or near the line. Before the 
installations of the instruments, five  trip-outs 
were recorded, and after thirteen trip-outs. After 
all, except two apparatus trouble trip-outs, the 
line was returned to service at will after approximately 
one minute interval. Of these eighteen trip-outs, one 
was accidental, two were caused by apparatus troubles 
at Wallenpaupack, two resulted from flashovers be- 
tween conductor and yard structural steel at Siegfried 
during lightning storms, and the remaining thirteen 
were probably caused by line insulator flashovers. 
At the end of the summer season, a careful examination 
of each insulator string (by climbing towers) disclosed 
a total of 24 flashed insulators strings. It was impossi- 
ble to detect most of these flashed insulators from the 
ground on inspections made after each trip-out. The 
insulator flashovers resulted, in most cases, in a slight 
pitting of caps, rings, and horns, and burned and chipped 
spots on the porcelain, but in no case was an insulator 
damaged seriously. 

On Fig. 5 is plotted the number of surges against 
surge magnitude. Of the total of 30 lightning surges 
recorded, 9 were 10 times normal. Switching resulted 
in 19 surge records with less than 3 times normal 


Loe. cit. 5. voltage. In addition, there was a total of 14 surges 
TABLE III 
LOCATION OF SURGE VOLTAGE RECORDERS AND DATES OF THEIR OPERATION 
1926 : 
‘ Tower Potenti- Date Potenti- Date . Date 
Station Mile No. Tower No. Phase position ometert started ometer started stopped 
220-Kv. Operation 66-Ky. Operation 
1-34 1 3 A West 20-4 7-20 7-1 8-15 10-31 
1-3B 1 3 B Middle 20-4 7-20 7-1 8-15 10-31 
17-1A 17 1 A West 20-4 7-20 7-1 9-26 10-31 
32-3A 32 3 A West 20-4 7-20 9-2 8-26 10-31 
48-3A 48 3 A Middle 20-4 7-19 9-2 8-27 10-31 
65-5A 65 5* A East 20-4 7-24 9-2 8-23 10-31 
65-5B 65 5* B Middle 20-4 7-24 9-2 8-23 10-31 
*First tower from station. 


7‘‘20-4"’ denotes: 20 disk units between line and ground, with the recorder connected to the cap of the 4th unit from the ground end. 
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arising from unknown causes, having a maximum value 
of 1.5 times normal. 


66-Kv. OPERATION OF RECORDERS DURING 1926 


The 66-kv. operation necessitated a change of insula- 
tor potentiometer ratio. Table III shows the changes 
made and the location of the instruments. In changing 
from the 220-kv. to 66-kv. operation, the line insula- 
tion was also changed from a 14-unit string to a 4-unit 
string by short-circuiting ten of theinsulatorunits. This 
reduction of line insulation extended for distances of 
three miles from Wallenpaupack and of three miles 
from Seigfried. With the exception of the installations 
at tower 17-1, the line insulation at each surge recorder 
station and at one tower on either side was similarly 
reduced. ' 

A total of three 66-kv. trip-outs was caused by light- 
ning flashover of insulators at tower 1-2 at the Wallen- 
paupack end on which ten units had been short cir- 
cuited. Surge voltages recorded showed that a maxi- 
mum of ten times normal voltage occurred during these 
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trip-outs. The records from the station at tower 17-1 
showed, however, a voltage 29 times normal (based on 
66-kv. line voltage), or 1560 kv. This appears to 
demonstrate that the insulation to ground is a factor in 
the determination of the maximum voltage to which 
surge voltages due to lightning may arise. 


PREVENTATIVE AND PROTECTIVE MEASURES 


To secure greater safety to the apparatus against 
lightning surges of dangerous magnitude, two protec- 
tive measures were adopted during the spring of 1927: 

1. The installation, immediately adjacent to the ter- 
minal stations, of lightning protective or spillway gaps 
of approximately 1300-kv. impulse flashover, and 

2. The installation, for distances of approximately 
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five miles, at each end of the line of two overhead 
ground wires. 

For the purpose of studying the effects of overhead 
ground wires and to further reduce the insulator 
flashovers, an additional 15-mi. section at the Wallen-. 
paupack end of the line was equipped with these ground 
wires. Thus the line was protected by ground wires for 
20 miles at the Wallenpaupack end, and for five miles at 
the Siegfried end, leaving the middle section of 40 mi. 
unprotected. (See Fig. 2). The 20-mile section con- 
tains the highest in point of altitude, and in 1926 more 
than 50 per cent of insulator flashovers occurred on this 
part of the line. The overhead ground wire was metalli- 
cally connected to the station grounds, and at the ends 
away from the transformer stations, it was also effec- 
tively grounded through a nest of ground rods. No 
special provision was made to ground the tower legs. 

The protective gaps took the form of insulator 
assemblies equipped at each end with standard rings 
having separation of 42.5in. These gaps were located 
on the transformer structures and on the first suspension 
towers at both stations. 


1927 STUDY 

During the 1927 season there were three distinct 
periods of operation: From March 13 to May 27, the line 
was operated at 220 kv. without overhead ground wires; 
from May 27 to July 25 it was deenergized and 
grounded for the purpose of installing the overhead 
ground wires; and after July 25 operated at 220 kv. 
with two overhead ground wires as described. 

Location of Recorders. By the close of the season, a 


TABLE IV 


LOCATION OF SURGE VOLTAGE RECORDERS AND DATES OF 
THEIR OPERATION 


1927. 
Mile | Tower Tower | Potenti-| Date Date 
Station No. No. Phase | position | ometerst| started | stopped 
Wallenpaupack 
Bus A 20-3 7-26 
1-3A 1 3 A West 20-3 3-12 11-2 
1-3B i 3 B Middle 20-3 3-12 11-2 
1-3C 1 3 G East 20-3 4-9 11-2 
3-44 3 4 A West 20-3 7-19 11-2 
6-5A 6 5 A West 20-3 7-19 11-2 
10-2A 10 2 A West 20-3 7-19 11-2 
12-6A 12 6 A West 20-3 7-19 11-2 
17-1A 17 1 A West 20-3 4-16 11-2 
20-1A 20 1 A West 20-3 7-19 11-2 
20-34 20 3 A West 20-3 7-19 11-2 
21-4A 21 4 A West 20-3 7-19 11-2 
22-1A 22 a A West 20-2 7-25 11-2 
27-44 27 4 A West 20-2 7-26 11-2 
32-3A 32 3 A West 20-2 4-29 11-2 
40-2A 40 2 A West 20-2 7-26 11-2 
48-34 48 3 A Middle 20-2 4-29 11-2 
524A 52 4 A Middle 20-2 7-24 11-2 
56-2A 56 2 A East 20-2 7-24 11-2 
61-1A 61 1 A East 20-3 7-24 11-2 
61-3A 61 3 A East 20-3 7-24 11-2 
62-44 62 4 A East 20-3 7-24 11-2 
64-1A 64 1 A East 20-3 7-24 11-2 
65-5A 65* 5 A East 20-3 3-13 10-31 
65-5B 65 5 B Middle 20-3 3-13 10-31 
65-5C 65 5 Cc West 20-3 3-29 10-31 
*First tower from station. 


+"20-3" denotes: 20 disk units between line and ground, with the 
recorder connected to the cap of the 3rd unit from the ground end. 
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total of 34 instruments was connected to the line 
as shown on diagram, Fig. 2, and Table IV. Of this 


_ number, 26 were coupled to the line through insulator 


string potentiometers, and 8 were coupled through two 
special capacitance transformer bushings. These bush- 
ings were located on phase A near each transformer 
station. Both bushings were installed after the close 
of the lightning season and are not shown on Fig. 2 or 
Table IV. ; 

Table IV shows the potentiometer ratios used. 
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Nature of Surge Voltages. The Lichtenberg figures 
recorded were classified according to their character, 
namely, Type I, II, and III,* 7. e., very slow, medium, 
and very abrupt. As practically all of the surges were 
of Type IJ, these were further classified as highly 
damped (HD) and slightly damped (SD). 


TABLE V 


ORIGIN OF SURGE VOLTAGES 
1927 


Highest crest value 


Origin Number Times normal Ky. 
Lightning. 25.0065 k 6s 48 LT 2100 
Switebing:. oc. ...... 21 4.0 720 
From unknown Causes. . 7.0 1260 

[CW (ANS MB Sie eee eee 29 4.9 880 
TDD eM aiike, ere rctane ce « 51 bh eg 2100 
Ae) 2 Me eee 149 


The “highly damped”’ figures are interpreted as being 
produced by a surge voltage which lasts for only a few 
reversals of polarity, such as lessthanfive. The “slightly 
damped’”’ figures are of uncertain origin. They appear 
to be formed through the continuous application of 


alternating potentials for the duration of several 


6. K. B. McEachron, Measurements of Transients by Licht- 
enberg Figures, A. I. E. E. Trans., Vol. XLV, 1926, p. 712. 
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seconds (long enough to produce film fog). During the 
period the line was grounded and deenergized no SD 
figures were recorded. In this period, however, HD 
figures were quite frequently recorded during lightning 
storms. This tends to indicate that the normal line 
excitation is required to produce SD figures. 

During the 1927 investigation a total of 149 surges 
was recorded, ranging in magnitude from 1 to 11.6 times 
normal (180 kv. to 2100 kv.). 

Correlation of the surges with weather and operating 
data indicated that many of the disturbances had been 
produced by lightning or switching. Others are of 
uncertain origin and have been classified as “from 
unknown causes.” Table V and Fig. 6 show the 
number and maximum voltage of surges classified ac- 
cording to origin. 

Lightning Surges. Fig. 7 shows that 56 per cent of 
the lightning surges exceeded five times normal. The 
classification as to polarity shows that there are com- 
paratively few unidirectional surge voltages, although 
their magnitude may be quite high. The majority of 
lightning surge voltages on this system were oscillatory, 
with no definite tendency for either the positive or 
negative wave to be higher. 

While the size of figures obtained is indicative of crest 
voltage values and some information relative to the rate 
of voltage rise may be obtained from figures charac- 
teristics, it is not possible to determine other factors 
such as relative shape and duration. 
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The curves of Fig. 7 show the relation between 
number and magnitude of surge voltages recorded. On 
Table VI it may be seen that all unidirectional voltages 
recorded have HD characteristics. Negative polarity 
prevails in the HD oscillatory surge voltages 9 out 
of 13 cases. The SD figures, however, show only two 
of the negative polarity out of a total of 30. The HD 
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TABLE VI 
POLARITY OF HD AND SD SURGE VOLTAGES PRODUCED BY 
LIGHTNING 
1927 
Highest crest 
value 
Polarity Number Times normal 
(a) Unidirectional 
HD ‘Posttive oe ahessnr cnn 2 10 
IN GRAtIVE!. coc ct) hos, oortees 3 1.9 
sD POSIUIVEL Aricent ‘ (0) 0 
Negatives iscaa. ae ete 0 0 
(b) Oscillatory 
HD: 
iy GH OF Ve Positives see 4 8.6 
2. H.C. V. Negative........ 9 10.0 
3. H.C. V. Positive and Neg- 
ative, equals ii. shone ate 0 0 
SD: 
Le AEG Vise OSLULVGN.. sk ssa 7 UL. 7 
2 Jt. Cav, Werative... ss 2 11.6 
3. H.C. V. Positive and Neg- 
ative-equal..........52-- 21 11.6 


*H. C. V.—Highest crest value. 


figures in no case show equal magnitude of positive and 
negative voltages, whereas 20 out of the 30 oscillatory 
SD surge voltages are of equal positive and negative 
value. 


Times Normal Voltage 


Fic. 8—Voutrace Prorites or HD Ligutnine SurazEs 


Fig. 8 shows the profiles of typical HD surge voltages. 
Surge No. 38 occurred on July 26 during a general 
lightning storm after the ground wires were installed. 
The transformer oil circuit breakers at both ends tripped 
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TABLE. VII 


COMPARISON OF SURGE VOLTAGES RECORDED AS TO THE 
POSITION ON THE TOWER 


1927 
Highest crest value 
times normal 
Phases A B Cc 
At Wallenpaupack—Tower 1-3 
AVETALE VOMUACO, om x faserrantacisrce lace, era 5.7 7.0 5.4 
Maximum voltage.......0.0...... t aa 7.4 7.0 9.3 
At Siegfried—Tower 65-5 
AVGraze VOltARE Mii qe, cu oi ere eaeeeeieratanavers 4.8 5.4 3.4 
Maximum: voltage: nc) scicte victcters oles 7.4 11.6 4.8 


with ground current indication at both stations. 
Relays indicated trouble on phase C. The protective 
gap on phase C at the yard structure at Wallenpaupack 
flashed over, where a number of. insulator units was 
blistered and the shell of one unit broken. 

Surge No. 51 occurred on August 13, 1927, during a 
general lightning storm; however, no trip-outs followed. 

These profiles give only an approximate and possibly 
an incorrect idea of the attenuation along the line. 
In this connection, it must be borne in mind that there 
are a great many unknown factors involved. While 
these curves are based on simultaneous recordings on 
the instruments as the film moves slowly, there is a 
possibility that the voltage readings obtained were 
actually caused by a number of discharges occurring 
within a short time interval. Further, the recorder 
actually measures surge potential between line and 
tower. The location of neutral potential or “good 
ground” is uncertain. In dealing with surge voltages 
of very steep wave front, ground resistances, although 
low, may be effective in determining potentials between 
line and tower. The position and extent of cloud 
charge is also unknown. 

Due to the short period of operation with the over- 
head ground wires, it would be premature to draw 
definite quantitative conclusions. 

The comparison of voltages recorded relative to the 
position on the tower is not definite enough to permit 
drawing conclusions (Table VII). 

During the 1927 season, the line tripped out eight 
times. One trip-out was caused by an accidental 
ground on the 66-kv. bus at Siegfried and produced 
only a small switching surge. The remaining seven 
trip-outs occurred during lightning storms but only 


TABLE VIII 
TRIP-OUTS DURING LIGHTNING STORMS 
1927 
Highest Crest Voltage 
Date and time of Nature of surge 
No. trip-outs Description of failure Tower Times normal Station voltage 
1 4-21-27, 8:06 P. M. Ten unit string on A and B phases — 9.3 1-3A SD Oscillatory 
flashed 1-2 + 53 
2 4-21-27, 11:05 P. M Same as No. 1 1-2 + 10.0 1-3B HD Positive 
65-4 + 1.0 65-5C 
3 5-10-27, 5:26 P.M. Band C phases flashed 1-2 + 2.3 1-3B HD Oscillatory 
— 8.6 
4 5-10-27, 5:28 P.M. Sameas No.3 | *" 1-2 Not recorded 
5 7-26-27, 5:09 P. M, Protective Gap at Wallenpaupack on 
Phase C flashed 1-0 - 93 1-3C HD Oscillatory 
6 7-26-27, 5:14 P.M. Same as No. 5 1-0 Not recorded of “. 
7 7-27-27, 3:55 P.M. Location unknown e + 5.3 48-3A HD Oscillatory 
— 53 


$$ 
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five surges are directly correlated to respective trip-outs. 
Due to the-very short intervals (2 and 5 min.) between 
two trip-outs at two different times and due to the 
slow movement of the film, the surge record on the 
film registered only one surge each time. Table VIII 
gives the surge voltages correlated as to trip-outs and 
location of failures. 

Surges Due to Switching Operations. Twenty-one 
surges which coincided with normal switching opera- 
tions were recorded. Frequently switching produced 
no records on the surge voltage instruments. This 
fact is probably due to the low tension switching. 
The majority of switching operations which produced 
records were those caused by energizing the line. 
The maximum value recorded at any time was 4.0 times 
normal and all were of the HD nature. Most of the 
switching surges were recorded simultaneously at sev- 
eral stations, although never at all stations. 

Unknown Surges. Some of the surges of unknown 
origin are thought to have been caused by lightning 
storms not observed by station operators. 


CONCLUSIONS 


1. During the investigations of 1926 and 1927 
surge voltages of a magnitude of 2100 kv. were re- 
corded during lightning storms. 

2. The majority of surge voltages due to lightning 
were oscillatory, although a few HD unidirectional 
surge voltages were recorded. 

8. The highest voltages recorded check fairly well 
with the prediction made from results of insulator 
calibration in the laboratory. 

4. The line insulation apparently limited the magni- 
tude of lightning surge voltages. 

5. Not all of the maximum lightning surge voltages 
caused power arcs. 

6. No definite or reliable information was obtained 
on attenuation. 

7. The quantitative value of protection afforded 
by the overhead ground wire cannot be deduced from 
the limited data. 

8. The highest surge voltages correlated to switch- 
ing was four times normal (720 kv.), with practically 
all surges produced by energizing the line. All such 
voltages were of the HD nature. 

9. Many surge voltages were recorded with no 
possibility of assigning a definite cause to them. These 
voltages reached an extreme magnitude of 11.6 times 
normal (2100 kv.). 


FUTURE STUDY 


The surge voltage recorder study is being continued 
in 1928 and it is expected that more data will be ob- 
tained than in previous years. The 220-kv. switching 
also may furnish some valuable and interesting informa- 
tion. Furthermore, with the assistance of laboratory 
research, it ‘may be possible to determine the relation 
and condition under which a lightning flashover will be 
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followed by a power are. This information is of im- 
portance in designing lightning proof lines. 

Acknowledgment is made to Messrs. C. M. Foust, 
A. L. Price, F. B. Menger, and W. R. Kleckner for 
analyzing and correlating the surge voltage data, and 
to Messrs. A. E. Silver, W. W. Lewis, E. S. Lee, 
W. E. Lloyd, Jr., and C. A. Jordan for directing the 
study and criticizing this paper. 


Discussion 


PAPERS ON SURGE-VOLTAGE INVESTIGATION 
(Lewis, Dittarp, HeEMSTREET AND EATON, SPoRN, SMELOFF) 
Denver, CoLo., JUNE 26, 1928 

J. F. Peters: The authors mentioned three types of poten- 
tiometers used for this purpose. Mr. Sporn draws some valuable 
deductions from his experience with two types. Mr. Smeloff 
refers to the third form, the high-capacitance transformer 
bushing, in connection with his work during 1927. During one 
of our voltage investigations we used a condenser-type bushing 
with a tap brought out from the next-to-bottom condenser layer 
as a potentiometer. The results were entirely unsatisfactory. 


To Klydonograph 


Due to the high capacitance of the bushing the disturbances 
for the duration were greatly modified in magnitude as indicated 
by direct comparison with the results from aring-type potentiom- 
eter in the same station, and I would therefore suggest that-in 
making connections to the line, care be taken not to get toohigha 
capacitance in the potentiometer. 

J. H. Cox: The papers presented here are particularly grati- 
fying to the writer, as they add additional weight to most of the 
conclusions, on the same subject, presented by him, in coauthor- 
ship with Messrs. McAuley and Huggins, before this Institute at 
the Midwinter Convention in 1927.! 

Mr. Sporn has made an important contribution on the matter 
of potentiometers. In measuring surge voltages on high-voltage 
lines, a potentiometer is necessary. Theoretically, either a 
pure resistance or a pure capacitance is satisfactory. Practically, 
a resistance is not satisfactory where it must withstand sustained 
line voltage, and also, for high voltages its physical dimensions 
become so large that its physical capacity disturbs the voltage 
distribution. Therefore, the capacity potentiometer -is the 
only one available, and the capacities should be so arranged as 
to eliminate the effect of any resistance path. 

Mr. Sporn has discussed the effects of the leakage path in the 
insulator-string potentiometer. In another test, with which 
the writer was connected, pipe-type potentiometers were used 
but different conditions permitted the desired ratio with the use 
of only two pipes in the lower group instead of three as shown in 
Mr. Sporn’s paper. The potentiometer used is shown in Fig. 1 
herewith. It will be noticed that the klydonograph is tapped 
across the leakage paths of the two supporting insulator strings. 


1. Klydonograph Surge Investigations, by Cox, McAuley, and Huggins, 
A. I. E. E. Trans., Vol. XLVI, 1927, p. 315. , 
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It was hoped that the capacity of the pipes would be large enough 
to predominate over the leakage coupling under all conditions. 
However, it was found that during rainstorms slightly damped 
figures, of the same nature as those produced by the insulator 
string potentiometer, were recorded. This was on a grounded 
neutral system where sustained oscillatory surges had never been 
recorded in two years’ tests with ring-type potentiometers. 
This undesirable feature was eliminated by short-circuiting the 
leakage path about the klydonograph in the manner shown in the 
accompanying Fig. 2. 

The pipe-type potentiometer was designed to provide a form 
more convenient than the ring-type from an installation point 
of view. The parts are easily provided. Fig. 3 herewith shows 
a form of pipe-type potentiometer which has recently been 
devised, which eliminates entirely the leakage path from the 
klydonograph circuit, and which is even more convenient to 
install than that shown in Fig. 2. 


To Klydonograph 


Ground Plate 


es | 


x= 
I. 


lcs 8! 


The writer heartily agrees with Mr. Sporn in his decision to 
omit all S. D. (slightly damped) figures in his discussion of results. 
The evidence is quite conclusive that these figures were the result 
of a change in the ratio of the particular potentiometer used, 
under certain conditions, and to include them in data on which 
conclusions are based is misleading. With the exception of the 
S. D. figures, probably the data furnished with an insulator- 
string potentiometer are sufficiently accurate. However, the 
principal object of klydonograph tests is the recording of lightning 
voltages. These S. D. figures occur during rainstorms which 
usually accompany lightning. Figures occurring at this time, 
of course, obscure the legitimate: figures recorded by voltages 
actually existing on the line. Therefore, with the elimination 
of the S. D. figures some of the most desired data are automati- 
eally eliminated. Hence, although the cheapness of the in- 
sulator-string potentiometer makes it particularly attractive, 
the writer does not feel that its use is justified. 

F. C. Hanker: The need for more accurate information on 
the fundamentals of lightning phenomena has long been recog- 
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nized, but no reliable recording device was available until the 
development and introduction of the klydonograph by Mr. 
Peters in 1923 made possible for the first time, the measure- 
ment of lightning and other surge voltages with a reasonable 
degree of accuracy. The characteristic which makes this device 
of particular value for the work, is that while it will operate for a 
week or more without attention, it will record the magnitude and 
polarity of voltages, the duration of which may be less than a 
microsecond and which may oceur at any time. 

It is desirable to obtain more complete information on surges 
caused on transmission lines than it is possible to obtain with the 
klydonograph. We secure reasonably accurate information on 
the magnitude within the limits of line insulation but in order 
to develop remedial devices more completely, it is important to 
establish other characteristics such as shape of wave front, 
duration, shape of wave tail, polarity, and effect of location of 
the stroke. 

The Westinghouse Company, in cooperation with the 
Aluminum Company of America, is starting a lightning investi- 
gation in Tennessee using the form of cathode-ray oscillograph 
which was announced by Dr. Nordinder in his papers presented 
before the Franklin Institute and at the 1928 Winter Convention 
of this Institute. In both of these presentations, he has given 
records of actual surge voltages recorded on an operating trans- 
mission circuit. This instrument, with other accessories used 
in the investigation, will yield all the information which has been 
lacking from the extensive klydonograph surveys that have 
been made during the past two years. 

Due to the uncertainty of the occurrence of lightning, ithe 
complete story cannot be obtained in a short time. Existing 
circuits have limitations in dielectric strength that make it 
impossible to establish definitely the maximum voltages that are 
impressed on the circuit. It is expected that oscillograms 
obtained with the instrument now in operation will give sufficient 
data to permit establishing the complete wave form with a 
reasonable degree of accuracy and will point the way toward 
future procedure in obtaining the complete answer to the problem. 

L. L. Perry: The papers show that on well designed trans- 
mission lines surges as high as ten or twelve times normal voltage 
must be expected in lightning country. 

With regard to these conditions, I should like to ask Mr. Lewis 
these questions: 

1. Would further developments in choke coils materially 
reduce the voltages reaching the arresters? Possibly it might 
increase. 

2. To what percentage of normal voltage will a modern 
arrester limit the surge? 

3. Does he recommend eliminating the arrester and making 
circuit breakers and transformers so that their insulation will 
withstand ten or twelve times normal without flashover or failure? 

I should also like to ask him if he ean supplement Table IV 
by the average height of conductor for line H-8? 

T should also like to ask Mr. Foust from the operating records 
what percentage of trip-outs on one circuit involve the second 
circuit? 

A. C. Austin: It is interesting to note that some of the 
conclusions drawn through a study of the performance of the 
insulator are apparently corroborated by the recent studies. 
Some years ago it was evident that where a line was under-in- 
sulated or had a number of faulty insulators, switching surges 
of appreciable magnitude apparently traversed the whole line, 
whereas lightning was localized. This was evident from the 
fact that a line might pass through a number of severe electrical 
storms before tripping out. In trying to energize the line again, 
however, it was sometimes necessary to avoid all switching surges 
and build up the voltage before the line would stay in. The 


2. The Cathode Oscillograph as Used in the Study of Lightning and Other 
Surges on Transmission Lines, A. 1. E. E. Quarterly Trans., Vol. 47, April 
1928, p. 446. 
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conclusions reached were that the much higher disturbances 
produced by lightning were localized so that they did not affect a 
faulty insulator which was readily picked out by the lower voltage 
surge occasioned by switching, but which affected practically the 
whole line. 

The need of more exact information as to the wave front or 
exact history of the disturbance on the line is still apparent. 
Tests in the laboratory indicate that many flashovers may take 
place at from 50 per cent to 60 per cent of the crest value occur- 
ring on the tail of the wave. The cathode-ray oscillograph shows 
that the flashover of an insulator may take place under a variety 
of conditions, depending upon the magnitude and duration of the 
wave. Both line troubles as well as tests in the high-voltage 
laboratory indicate that not only will the wave front produced by 
lightning vary considerably, but that the wave front for a single 
discharge is likely to vary over a very wide range. 

To obtain records on the transmission line for actual con- 
ditions is not an easy problem, for a record which will cover a 
period of from 10 to 50 microseconds may not give the informa- 
tion on certain parts of the wave or voltage rise in sufficient 
detail. While apparently perfect oscillograph records may be 
obtained, it is necessary that these records are of the condition 
set up on the line by lightning and not a record of a disturbance 
set up in or greatly modified by the leads or coupling to the 
transmission line. ; . 

Tests made during the past year go to show that potentials 
above 800 kv. peak drop very rapidly and are usually attended 
by an oscillation during the decay of the charge. In most cases 
the discharge does not develop to the point where a power are 
will follow until 10 or 15 microseconds after the crest is reached, 
the actual flashover taking place at a voltage of not more than 
50 or 60 per cent of the crest voltage. From this it would appear 
that any scheme which will increase the time lag of the insulator 
or increase the attenuation will result in lower fiashovers. On 
the other hand, tower or insulator construction or the attachment 
of electrodes which will reduce the time lag will result in increas- 
ing the number of flashovers. 

The steepest wave fronts, although reaching very high values, 
may not cause as many flashovers as wave fronts at very much 
less slope and magnitude. This is particularly true where the 
dissipation or absorption of the charge is high. 

Philip Sporn: Mr. Lewis’sstatement that the voltage on a 
line is limited by the flashover strength of the line insulators, 
ought to be modified, I think, to include not only the insulators 
but the structure itself, which, in turn, of course, includes the 
connection to ground. Mr. Peek has shown that the flashover 
value of a string of insulators increases with the amount of 
resistance to ground in series with that string and it is very 
important that in all discussions this be kept to the forefront 
as on no other basis have we been able to date to explain many 
phenomena that are clearly explained this way. 

As regards the attenuation and the formula presented by Mr. 
Lewis, this is a fine attempt to get attenuation down on a 
mathematical basis but I do not believe that sufficient data have 
been gathered together for anybody to be able to say definitely 
that this is an exact and proved relationship. Some of the data 
that we obtained on investigations not mentioned in our paper 
would seem to indicate a much higher attenuation on lightning 
surges than the one given in the equation developed by Messrs. 
Foust and Menger. It is to be hoped that the work which is 
being carried on this year will give us more data on the subject. 

C. M. Faust: Having been closely identified with the ana- 
lyzing of the films from the surge recorders, I thought it might 
be somewhat interesting to try to explain and amplify and clarify 
possibly our methods of attack. For that purpose I have pre- 
pared a little chart. All surges were subject to two classifica- 
tions, one with reference to nature or polarity characteristic and 
the other with regard to wave front. This chart may serve to 
explain these classifications. 
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Positive polarity 


ae fonal { Negative polarity 


Nature of 
Polarity — Highly damped 
Al surges Charac- (Predominantly pos.) 
teristic Oscillatory (Predominantly neg.) 
Medium damped 
Slightly damped 
(I. Slow wave front 
All surges—Type Ii. Medium wave front 
III. Fast wave front 


Now with regard to this sort of classification and with par- 
ticular reference to unidirectional or highly damped surges, 
there are two cases of field registration of interest. 

1. Surges measured at only one station. 

2. Surges measured at several stations. 

Under the first case, a surge was readily classified with refer- 
ence to the above chart. With regard to the second ease, 
however, there were instances wherein station records disagreed, 
for example, indicated unidirectional at one station and oscilla- 
tion but highly damped at others. With regard to the general 
classification of such a surge, two methods were followed: 

1. Surge classified as oscillatory when registered as oscilla- 
tory at any one station. 

2. Surge classified as to nature with regard to the polarity 
characteristic at the station where highest voltage registration 
was obtained. 

The second classification appears to have particular advantage 
if the polarity of the induced charges is of interest. First, 
because reflection conditions may complicate the record at re- 
mote stations and secondly, because the switching surge due to 
the automatic trip-out cannot be separated from the lightning 
surge itself. 

As both the above methods of classification have been used by 
the authors in preparing their papers, comparison of results must 
be performed with this in mind. 

J.F. Foote: The formula for the attenuation of surges is 
probably of correct form for surges of a particular range of fre- 
quency. The results showing wide extent of M.D. surges and 
equally extensive H. D. switching surges would indicate that 
some other factors than voltage and line constants may affect 
attenuation. Would not further investigation of the possible 
effect of varying wave fronts probably show that the formula 
should include a wave front term or factor? 

In stating that we may expect small trouble from M.D. 
surges because they are usually of less value than the impulse 
flashover of insulators, should we not recall that the M. D. surge 
may not be similar to the impulse wave upon which the insulator 
fiashover value is based? It would seem reasonable to expect the 
flashover value of the insulator under the stress of such waves to 
be intermediate between the value obtained with an extremely 
steep wave front and that obtained at 60 cycles. In other 
words, the flashover value may be anywhere within the range of, 
say, three times to ten times the normal voltage, depending on 
the frequency of the surge. Thus if M. D. surges of moderately 
high frequency be encountered it is conceivable that flashovers 
may occur even at moderate amplitudes. 

The conclusions regarding the effectiveness of choke coils do 
not seem entirely justified by the data given. That is, if it is 
meant that the amplitude of the voltage surge continuing beyond 
the choke coil tends to be in the order of 25 per cent less than the 
surge would be if the coil were omitted, the method of measure- 
ment used is inconclusive, since the voltage measured on the 
line side of the choke coil is not the voltage of the impressed 
surge, but this voltage increased by the partial reflection of this 
wave by the coil. 

A choke coil is not a unidirectional valve nor is it more than a 
partial reflecting agent. Part of the impressed wave is probably 
reflected and the remainder passes through the coil. Should 
the transmitted surge then encounter another reflecting agent, 


2: & usally wal. m@ the war @ 3 Geers wai oe oe 
ewiee®, Sell @r parsed coir oa th wae wees CEE the 
Gvaces fetweem tle cae ea amd te seemed reieetie aoe 
Ge shart. aceemescaee wall Ge smell and the seve well sire the 
Smoke eo Sooo ie eer es Were. femme aaa peritey ceiee ed 
Vis: & & werey meee test ceeiiecaes meee Sed op me he 
Sheart seta eww ie Ghee anf pewineme woltaess Gt emeese 
@ ie aes sas 

Wine Gece oe Mees Se Ss peer eee thes ms es os a 
cass Ths wees Gt bed we Seer wales Ge ve te 
ef te partes reikeeted see auc te cal Tie air 
SS Show bower woiteges beg tite aol time the tefeeced wee 
an pert of the ee bo & & met Seow wae De Goretesced waik- 
age mats eve ee amd gees the redeem was aot 2 re 

For muse peers the Reto eres eeteers neve regarded 
the <fuke onl 2s a= aeessegry We St nee eed Core SD 
teei-dows. However, Ge goes & weed peice we 
Deer Sacee en Ite equim ee be Boies eo 
mens ioumr iit aetesGer Gy the ciel cal seems Deel m vew 
ef Ue suiesees met abore 

Fred O<;£. McMiiiee: Eb © SG ©@ ete @ Ws De 
ager ted the ao peattss tht are at ay edie Gee 
fom ite G@eaw eaeve of Pee. WD) are thee er sees SS cee 
wane wee as ie Pomestvesms Power sad Lett Congaer = 
Se | Stee Gs eas S Doe es ees eos Gere 
frum. tie New Faetiamt Power Ganges = Ine § & we be epee 
Gas Ge euustaes § Ge egeees OF) aos ) wool be ae 

1 Smead ee oe ak Mr Lew @ eee ere faily wig tte 
(ime woul =mpect Ged 9 Ge eee Tete Seep were foo te 
amiit sinseaen of te jew sme wire waitaess Seed moss Ge 
ip eve was of rely Sis Ware Eee 

Eheweied§ Miciemer= Tie Veo 2 me wes 
Whtess 2 coed wee Whe sooters et of & bees eee 
eversaaot Sear meaeiy tee peers coed Gite copies De se Tet 
Neremnier. 

Tows suurcts 22m we ied aie st Geesiepers feo ee 
@: Gentes & Bs we we Sod wees We were coe ee 
ever. sy cel eur meteeerens that we det esgest te cron 
Woes Ge SG ail the eee: om eto 
pane of Gr et wets ware af 2 Seed tee the nee of the 
woumiie get tes teeter’ thes ther soil se sreamers of He 
ears Seat sue eomnieretie Leet ecoeime om 
the woes beGere the Giese Goose The Gem WS ao 
2 0 ec Sse eet eee ee oe os ee 

Tins wae punted att 28 Showa tie welts of the ered wre 
Wet emt ered Wa oe Sood Wore Gt Tis seo aoe ties 
We Vite Ge was et ewever_ ths proved we be the sem 
ip Wie ets & aes 2 Bee es Ge ed SS oe 
the oid Bae Cree Ives Wilkes es weds ead) ess She Veet 
ee & unite om Eto he Se Bee as ges he 
ee Bar Cree Imes wa eto see ee os Dts Ss 
@ Gem and ease ois Seecessees the meses at Vestal 
even theme ene of them Gd sat Eve 3 ome wre me 
aa 

Auuetier tim af Gicerest Gn ties sec of the oid Be Creek 
Ges Ghee’ te Sem Seep Valles & tet Ge oi ee of 
Iherommr oonie We neve eed Cees ws a 8 Gwe eed 
Wak Ds ee Ws, 

“Viese Sete, ae We ee Gee oy o> we Sw St ee et 
Biases sep eet Gecendenes om tke coed wares. aed tite fet 
et We = poe Sree res oo the Viens Ines eee we 


lead the wouble wih Eeltming shows we beliewe they will be of 
Sotte tee 

I eather expected wm Sed more weas=etty of option im regard 
® geome wires I bed gamed the Eepressiow Germ the best 
twee ef three years thag sheet everyome was switeme fo the 
belie? thst sromed wires are 2 real protectiom§ =I thts they are, 
teas soll Gere are dimes that sem 2 ttle dowbtfal about it_ 

E. S Pields= Tie Ueem Gee aod Bective Company of 
Caen Bas teen experimenting with 2 device for sterrapeme 
the dusiever euevena before the protective relays operate to 
emise 2 wipent of the ramsmikeion Greast with whack some of 
For 2e pe@eiiy fiir. 9 Pic 4 bevewsth shows the devire 
i tie presens stege of ins develoument for G60 construction. 
A smaierd ead ree & Pstlied 2 the eomdactor af the 
teteem of the meulster sieme At the top of the striae two 
33-0 ease fases ace netadled @ the position of areimg horas, 


Ts eter w fess ties the dechovers wal tke piace from the 
ent of the fased form w the grading rime. the leneth and postion 
@ We fased terse and te Gamenstons of the gradime me bave 
Teen decermmied from erpermments commented im the bieh-voltage 
ijarsears with the Gegolke eemeraaar. 

Wien 2 fiashever ceeirs i sires inom the tip of the fase to the 
oadme me Whe pewer correns tikesé fellows & Interrupted br 
the sperzcaen of the expnisiem fase. mensliy ip the fest bal eve. 

Sear males of G6-E_ Ime were equipped wath th deve @ 
ESS 2 the perSormases of this niche metadiatiom bes led to the 
mewn of the deve an Gfiy miles of additive Giv 
eeas ths year 

Deeng te sumer of 199% 77 per cont of the Sechovers 
@errme on ie aon 4) mii of G-kv Ime were ierrupted 
Gy tie fises withent service Interreptions on the eeu. So far 
only 46 enreuiss Eee been epiged wink th device ' 

Ss. OG. Seste: Both Mr. Scio aod Mr Mielewer made 
FS liters sasemenGs nm esmtection with the me of the 
gmod wre Mer Poste ales mentioned the denger from fick 
over for voltages sume’ lower than the erest voitages induced by 
Geteome Is these Dower voltage Siechovers wick offer the 
Tus seus pretiem for ike very lone Seeh-—sainags Tansmiso 
Ee a 
ik & eres we mee thet the recent Giydemeeragh records 
as weil 28 Ss0: Ot le eteracery fo we show that the atvenmation 
ce Gesyacue of the charge i very raged ac the higher Toitaees, 
eet thet the ateeumeten deage of very quickly as the voltage is : 


+.  —_—— ae 
i 


_ rapidly as corona loss. 


Oct. 1928 


reduced. By applying this information to the operation of the 
line we are able to explain some of the apparently contradictory 
performance of the ground wire. 

The ground wire functions primarily through its absorbing 
electrostatic capacity which tends to keep down the rise in 
potential for a given charge on the power conductor. While 
the presence of the ground wire reduces the quantity of the 
charge, on the power conductor, this is comparatively small 
where the separation of the conductors is large. Where no 
ground wire is used, a very high induced voltage or one above 
three-quarters of a million to one million volts is dissipated very 
If in the same installation a ground 
wire were installed such that the induced voltage on the power 
conductor would not rise above three-quarters of a million volts 
below which the corona loss is relatively small, it naturally 
follows that there would be more energy to set up a surge or 
traveling wave, which would have greater amplitude at a distance 
than where a large part of the energy was dissipated. In view of 
this, the increasing use of low-resistance ground wires must be 
watched very carefully as their use is likely to have the same 
effect upon the transmission line as the use of more limber springs 
and balloon tires had upon the automobile. While balloon 
tires and more limber springs greatly reduced the shock, it was 
necessary to provide shock absorbers in order to eliminate the 
resulting oscillation which otherwise more than offset the re- 
duction in the intensity of the initial shock. 

Where the ground wire has the properties of the shock absorber, 
it will not only reduce the crest voltage or bump, but will dissi- 
pate the energy stored in the power conductor. 


Where the resistance of the ground wire is low, the current 
induced in the ground wire by a traveling wave or oscillation 
will create but small loss so that a low-resistance ground wire 
will not have the dissipating or shock-absorbing properties of a 
high-resistance ground wire. If we are to obtain the benefit 
of a low-resistance ground wire both from the standpoint of 
reducing the crest voltage and through the absorption of energy 
in the traveling wave, it is necessary to adopt a new scheme of 
installation. In this scheme it is proposed to sectionalize and 
insulate the ground wire, forcing the induced currents over dis- 
charge gaps which will dissipate energy.: In order that the 
ground wire may hold down the erest voltage in the vicinity of 
the disturbance, a shunt gap is provided at the insulated sup- 
ports. 
from ground wire to earth. An installation of this kind not only 
keeps down the maximum voltage in the vicinity of the distur- 
bance, but ean be made to absorb the traveling wave or oscilla- 
tion. The absorption of energy tends to cut down the time-volt- 
age effect, tending to flash the insulator and thereby reduces the 
tendency to flash at a distance. The absorption of energy will 
also be beneficial in keeping down the magnitude of the surge 
entering the station. From the electrical standpoint, resistance 
in the ground wire may be of material advantage and where 
low-resistance ground wires are used, it would seem that provi- 
sion should be made so that they will dissipate the energy of the 
traveling waves or oscillations. 


Where ground wires are located near stations, attention should 
be given to developing the electrostatic capacity between ground 
wire and conductors as far as possible. This increased electro- 
statie capacity together with the electrostatic capacity of the bus 
structure and connected equipment will do much to keep down 
the maximum voltage in the station. It would seem that the 
increased electrostatic capacity of the station is a much greater 
factor in keeping down the maximum voltage than the impedance 
of a choke coil. In extra high-voltage transformers, more de- 
pendence is placed in the circuit upon absorbing resistances than 
upon reactance coils. As a matter of fact, where break-downs 
are quite frequent with reactance coils, these break-downs have 
disappeared where absorbing resistances are used. Where an 
absorbing resistance cannot be placed between the line and a 
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large station, an absorbing resistance can be placed in a ground 
wire. As the energy must come from the power conductor, the 
same general result will be accomplished as in the case where the 
absorbing resistance is used directly in the circuit. 

W. W. Parker: (communicated after adjournment) I feel in 
very strong agreement with J. F. Peters’ suggestion that the po- 
tentiometer used in connection with the klydonograph requires 
some special investigation and further research. We got some 
rather startling results from a klydonograph installation on our 
132-ky. system last January, which led to some investigations. 
It was found that positive figures can be produced by sprinkling 
water over the potentiometer, and by momentarily bridging out 
one of the insulators forming part of the potentiometer string. 
Each figure obtained by sprinkling the potentiometer is positive. 
The rays radiate out from the center with no evidence of any 
negative figures. Some of these figures are as high as fifteen 
times normal. 

The potentiometer consists of five Faradon condenser-type 
insulators in series, the klydonograph being connected across the 
last insulator. The last insulator is approximately ten times 
the capacity of the others. 

C. F. Harding: (communicated after adjournment) The 
data recorded and summarized in the paper by Messrs. Hem- 
street and Eaton provide one more distinct advance in the 
investigation of high-voltage surges and the analysis of their 
causes. The surge recorders have apparently provided more 
information regarding the number, magnitude, and locality of 
such surges upon transmission lines than any instruments have 
furnished which have been available previous to this time. 

However, such an instrument is admittedly very approximate 
in its quantitative measurement, particularly with respect to the 
steepness of the wave front and duration of the tail of the surge, 
and is likely to be qualitatively misleading with respect to initial 
polarity and indication of the oscillatory nature of the discharge. 
The large number of surges which were recorded with almost 
equal magnitude at all stations, apparently having medium 
damped characteristics and yet rising to 7.7 times normal line 
voltage and coinciding with switch trip-outs, is, of course, such 
as to cause the more serious and widespread interruption to 
service. These should therefore be studied most thoroughly 
in future investigations. Fortunately, such surges may now be 
recorded and analyzed by means of the cathode-ray oscillograph 
and the polarity, magnitude, and duration of the medium and 
slightly damped tails of the surge may be more accurately 
determined and studied. 


The contribution of this paper to the much discussed subject 
of the protective value of the ground wire, furnishing for the 
first time conerete test data of parallel exposures under similar 
conditions both with and without the ground wire, has been 
greatly needed to bring to a definite conclusion the arguments 
of past years which have been based upon exposures of different 
types in various localities and the resulting opinions of engineers 
necessarily dependent upon rather meager test data. These 
test data are significant not only because of their proof of the 
protective feature of the ground wire, but particularly because 
of the reduction in the number of surges which ranged from four 
to eight times normal line voltage and the apparent elimination 
of those between eight and eleven times normal which appeared 
upon the parallelline. Furthermore, the importance of thorough 
grounding of the ground wire at each tower has been demon- 
strated by the test voltages accumulated at the center of the 
span. 

Although the conclusion is recorded with reference to Figs. 11 
and 12 that ‘‘no definite relation exists between the magnitude of 
surge voltages measured and conductor height,’’ it would appear 
from inspection of these graphs that the upper wire on both lines 
is withstanding more and higher voltage surges than the lower 
wires, particularly for surges up to five or six times normal. 
It would be of interest to know if the original data, or those not 
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ineluded im these charts, tend to neutralize the value of such a 
eonelusion. 

J.E.Clem: (communicated afier adjournment) Mr. Lewis in 
his paper gives the maximum voltage found as resulting from 
switehing. but gives no data in regard to the length of the wave 
front. The wave front should be known so thai new lines may 
be designed with enough imsulation to withstand these surges. 
This diseussion will present some data which should help m de- 
eidimge whether 60 eyele or impulse strength applied when con- 
sidering the voltages produced by switehing surges. 

In Table V. Lewis gives the maximum voltages found due to 
switehing and m the text staies that load switehing is not 
severe and that switehimg off is more severe than switching on. 
Although not mentioned specifically the voltages due to opening 
a short ezreait are ineluded m the tabulation. Ii is also stated 
that these surges are usually highly damped and therefore of 
short duration. It is seem from this table that the highest voltage 
is about 5 times the normal erest voltage Ime to neutral. Simee 
this ratio is not exceeded over the operatime range from 110 ky. 
te 220 kv. it ean be used safely for design. 


TABLE A 
WAVE FRONT OF SWITCHING SURGES 
NEW ENGLAND POWER CO. 
Normal Voltage Lime io Neutral = 99 Kv. 


Beqween Between { Between 
160 Ky and 210 Ky 2 Ky and 3200 Ky. 300 Ky. and— 
Proms Front Froat 
iy Me Ss Er Me 8 Ky. Me S$ 
2p ie — 19 210 if — oe | 
139 1 — 1 2) IF — 16° | 
135 i — 10 259 IF — 16 
13D io — 1 249 1 — 19° 
139 1 — 1 25 1 — 1 | 
139 - — 29 1 — 16 | 
120 iF — 200 oe — 16 
140 ~~ — 250 16 — 10 | 
1” 1 — 16 26 iF — 10 | 
16m  — 
130 to — 1 Oo | Oe — we | 360 IF — 1 
150 io — 1+ 20 oe — 1 
1s if — 16 260 i — 
1 - — 20 )Ctid| ie — ie 
150 ie — 270 ro” — 106° | 
140 s — o- 
iso ie — 
1s0 is — 1 
1s® If — © 
TABLE B 
WAVE FRONT OF SWITCHING SURGES 
PENNSYLVANIA POWEE & LIGHT CO. 
Normal Voltage Lime to Newtral = 150 Kv. 
Berweez Beceem Between Between 
268 Kv and +26 Kv_ and 306 Ky_asd | 660 Kv. and 
440 Ey 8 Ev. 600 Er 
Front Front Proms | Front 
Kr. Me. Ss Ey. Me. s Kr. Me. S$ Kr. Mes 
38 | 16 — 16 +410 | 10* — 10° | 520 | 10° — 10° | e390 | 10° — 10° 
329 ? 410 | 16* —18* sp 1” — 10° | Goo | 10° — 106 
£10 | i — 106 
410 | 1 — 16 ! 
| 419 | 1 — 10° 
, , 
ase | 10* — 10 | <s0 | 10" — 16 | 575 | 10" — 10*| 720 | 10% — 10° 
a | we — 1 «50 | 10 — 1 500 | 10" — 16° 
20 | ie -—-w =o if — 1 
ae IS -w i 
ase | 10* — we | 
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TABLE C 
WAVE FRONT OF SWITCHING SURGES 
OHIO POWER CO. 

Normal Voltage Line to Neutral = 108 Kv. Crest 
Between 
200 Ky. and 
300 Ky. 


| EF fe. 


easy era +345 


—_ 
+290; 10 
—295 | 16 — 10 | —350 
—275 | Pie 


—270 10 — 10° +360 107 — 10° 
230, +#16° 360 16 
—260 | 10° — 10 +370) Fio* 


The accompaning three tabulations give an analysis of switching 
surges found on three of the systems mentionedin Table V. The 
data have been tabulated to show the magnitude of the erest 
voltage and the time to reach the erest; that is, the wave front. 
The wave front was obtained by the method outlined in Lewis’s 
paper. A study of these data indicates that at the lower voltages 
the wave fronts are relatively long, while at the higher voltages 
there might be said to be a tendeney toward shorter wave fronts. 
Although all the surges, except one, above four times normal 
eould have had a wave front as fast as 100 mieroseeonds, it 
doubtless would be better to consider them all slow and use the 
60-eyele flashover strength of the insulators in figuring the num- 
ber of units required te prevent fiashover from switching surges. 

These switehing surges may happen when the line insulators 
are wet and this should be considered. Fora standard precipita- 
tion of 0.2 in- rain per minute the 60-eyele flashover is approxi- 
mately SO per cent of the dry flashover. This precipitation is — 
not rain but is really a deluge. At half the standard preeipita- 
tion the flashover is about 7 per cent higher, according to Peek, 
and for the ordinary heavy rainstorms is no doubt somewhat 
higher. 

The lightning flashover of a string of msulators is the same 
wet as dry which indicates that the effeet of moisture decreases 
as the wave front grows shorter. In view of the fact that the 
surges having a magnitude of five times normal probably have 
a wave front faster than the 60-eycle wave front, it is quite 
possible that the effeet of rain is somewhat less than at 60 cycles. 
Also Wade and Smith im an article entitled ““Time Lag of Insula- 
tors.” Blee. World, Aug. 18, 1928, give data whieh indicate that 
the flashover voltage of suspension insulators obtained with a 
wave front corresponding to 60 cycles may be somewhat higher 
than that obtained by the usual method of determining the 60- 
eyele flashover voltage. These two faets indicate that the 
ratio of wet to dry flashover for these switehing surges will be 
higher than for 60 eyeles. From the foregoing it appears that 
the dry 60-eyele flashover voltage of the insulators ean be used 
in estimating insulation required for switehing surges. 

Studien off quinliing: eyuliiens Tanvelsdaiece sinh cae eee an 
insulation will stand about six times normal voltage. This is 
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enough to withstand any low-frequency disturbances to which 
the lines may be subjected, whether due to dropping of load, 
switching, or arcing grounds. It appears that a line insulated 
for five times normal lag voltage will not flash over during switch- 
ing transients, but since existing lines have an average of six 
times, it would be better to use six times normal leg voltage as 
the required insulation strength at 60 cycles. 


R. H. George: (communicated after adjournment) The 
percentage of apparently oscillatory discharges recorded by 
Messrs. Hemstreet and Eaton seems quite high, but as pointed 
out, this may be due largely to the limitations of the surge re- 
corder rather than to actual oscillatory surges. Some of these 
records may result from a series of successive discharges from 
cloud to earth similar to those illustrated in Dr. Humphreys’ 
book ‘‘Physies of the Air,’ pages 368-372. Dr. Humphreys 
shows one photograph taken by Larsen with a revolving-mirror 
camera in which six successive discharges take place along the 
same path at intervals of from 4 to 10 milliseconds. If sucha 
series of discharges took place in the vicinity of a transmission 
line, the rapid fluctuations in the field might give rise to records 
of reversed polarity although the actual discharges were in one 
direction. 


It is quite probable that the question of oscillatory surges on 
transmission lines can only be solved by the use of the cathode- 
ray oscillograph, on the use of the oscillograph and surge re- 
corder together. 

W. W. Lewis: Mr. Perry asked about the effect of choke 
coils on the voltage reaching the arresters. That is what we are 
trying to find out in our investigation. All the data we have on 
the subject at present are given in Mr. Sporn’s and my papers. 
The data are rather confusing and do not indicate definitely 
whether choke coils are beneficial or not. We are, however, 
going to use them until we know more about the subject. 


Mr. Perry also asked to what percentage of normal voltage 
a modern arrester will limit a surge. This has been very well 
answered by Mr. K. B. McKachron in a paper entitled ‘‘Protec- 
tion of Station Equipment on High-Voltage Transmission Lines”’ 
which appeared in the General Electric Review of May 1928. 
In this paper it is shown that oxide-film arresters limit the voltage 
of a surge to certain values which depend on the wave front of the 
surge. These values vary from about 1 kv. per cell to about 1.8 
ky. per cell. The last-named value is the voltage corresponding 
to the steepest wave fronts, 2. e., of the order of one-fourth 
microsecond. Sucha front is steeper than any that we have been 
able to measure on transmission lines and corresponds with the 
wave in Mr. Peek’s laboratory which we have used as a reference 
in giving the flashover value of insulator strings. 

From this statement it will be apparent that the fewer the 
cells used, the better the protection obtained. A certain mini- 
mum number of cells is required, however, to prevent the ar- 
rester from failing under 60-cycle voltage when the voltage runs 
away due to the dropping of load. If this runaway voltage can 
be maintained at a low value, then the number of cells may be 
decreased and the protection will be improved. 


Mr. Perry also asked that Table IV be supplemented by the 
average height of conduetor for Line H-8. This average height, 
I believe, is about 45 ft. 

In Mr. Foote’s discussion he refers to the 60-cycle flashover 
value of line insulation as about three times normal. On the 
average system the 60-cycle flashover is usually about six times 
normal, i. ¢., six times the crest value of the line-to-neutral 
voltage. For example: On Mr. Foote’s own 140-kv. system, 
normal voltage is about 114-kv. crest value line-to-neutral. 
The 60-cycle flashover of ten standard disks is about 765-kv. 
erest value, or about 6.7 times normal. The impulse flashover 
with steep wave is in the neighborhood of 1400 ky. or about 12 
times normal. An examination will disclose that the majority 
of transmission lines are insulated for at least six times normal, 
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60 cycle voltage, and from 10 to 14 times normal against impulse 


flashover. 


The flashover voltage of a string of insulators varies from the 
60-eycle value to a very high value under impulse. Any number 
of impulse. values may be obtained, depending on the steepness 
of the wave front and the duration of the wave. The figure of 
10 to 14 times normal mentioned as impulse flashover is based 
on a particular wave of steep front and long tail. If we had a 
steeper wave we might even get a higher value. As shown in 
Table IV of my paper, the highest voltages recorded in the 1927 
investigation vary from 7 to 12 times normal, which cheek fairly 
well with the estimated impulse flashover. 


In regard to Mr. Michener’s discussion: the resistance of the 
tower footing has a great deal of effect on the operation of the 
ground wire. If the tower footing has a high resistance the ground 
wire is, in effect, an insulated wire, and will do very little good in 
reducing surge voltage. — 


In the particular territory discussed by Mr. Michener, it 
might be that the soil is composed largely of sand and rocks. 
This condition will give a very high tower-footing resistance 
which not only nullifies the grounding of the ground wire but 
apparently has the effect of increasing the height of the tower. 
In other words, a high ground resistance indicates that the water 
level is considerably below the earth surface and the tower in 
effect is much higher than indicated by the height above the 
earth’s surface itself. This allows lightning to build up a higher 
voltage on the conductors than would be expected. Mr. J. G. 
Hemstreet brought out this effect very well in a paper entitled 
Recent Investigation of Transmission Line Operation, which 
appeared in A. I. E. E., Trans., Vol. 46,1927, page 835. 


J. R. Eaton: There is one point in connection with safety 
that has been emphasized in the report on the Pennsylvania 
Power and Light Company presented by Mr. Smeloff. 

The line was grounded at numerous places during the in- 
stallation of a ground wire. Even with this line grounded at 
various places, there were very high voltages recorded—lI think 
over a million volts. On the Consumers’ line we recorded over 
35,000 volts at mid-span of a ground wire, where, of course, it 
was grounded at both ends of the span. 

That certainly emphasizes the necessity of grounding a line 
at the point where men are working on it, especially under light- 
ning conditions. A ground that is located even a few spans 
away certainly does not offer adequate protection to men who 
are working on the line. 

Someone asked for an explanation of the fact that surges 
recorded at mid-span of the ground wire had low values compared 
with that recorded simultaneously on the line wire. On the 
ground wire the maximum yoltage recorded was 35 kv. at mid- 
span while at the tower it was several hundred kv. It is possible 
that the surge originated at some point down the line, and the 
transient traveled along the conductor without being reduced in 
value to any great extent, whereas on the ground wire, the section 
on which the surge recorder was connected was in a weak part 
of the field and received only a small part of the voltage. 

In some recent inspections we have found two distinet kinds 
of burns on our insulators. There is one type which we feel 
sure is caused by a power are. This resembles that produced by 
laying a cigarette on a varnished surface. That undoubtedly 
comes from the power are. 

There is another type of burn on the procelain which might be 
described as appearing as though some thin molasses had been 
spilled near the cap of the insulator and then run in a narrow 
stream to the end of the insulator. This type of burn has 
been observed on insulators which have been flashed over by 
impulses from lightning generators as well as on insulators in the 
field. We feel reasonably sure these burns are caused by the 
lightning discharge itself. Burns of this type are frequently 
found where the power are type of burn is also found, indicating 


1154 


that possibly there had been a:lightning flashover followed by 
the power are. 

In some eases, however, every unit in a string will have the 
lightning burn on the porcelain, showing almost a complete cas- 
eade of the lightning discharge, but there will be no power-are 
burns at all. That may be an explanation of the fact that in 
some eases we have recorded very high voltages on lines without 
having them trip out. Apparently the power arc did not follow 
the lightning flashover. 

J.G. Hemstreet: The investigations that are being madeon 
the various transmission systems and in the laboratories are 
gradually determining exact conditions which create perhaps the 
greatest hazard to power transmission. 

The klydonograph has been of great value in determining the 
magnitude of the surges set up and has quite definitely shown 
that surges due to causes other than lightning are not so serious 
as was thought a few years ago. The results of the klydono- 
graph investigations as shown by these papers have been a little 
disappointing due to the uncertainty of the meaning of some of 
the figures recorded. However, this difficulty has been done 
away with and with the proper type of potentiometer, a better 
set of reeords should be obtained by these instruments. 


We believe that some of the most valuable information has 
been obtained by careful inspections of transmission lines and by 
keeping records of the number of insulator flashovers found by 
these inspections. The insulator string and its performance 
under the abnormal conditions in the lines is, in the last word, 
the real indieator of the severity of the surges that are taking 
place and it would be well if more of the operating companies 
would make these careful investigations so that a greater quantity 
of data will be available for study. 

The eathode-ray oscillograph seems to offer a means of securing 
information as to the steepness of the wave front and other 
characteristics of the surges that are under investigation. It is 
our understanding that an oscillograph of this type, together 
with other instruments, is to be used by the Westinghouse 
Eleetrie and Manufacturing Company in securing data on one 
of the high-voltage lines in Tennessee and that the General 
Electric Company are making a somewhat similar setup on a 
lime in Pennsylvania. The Consumers Power Company in 
continuing its investigation of lightning disturbances, has 
obtained the use of a type of cathode-ray oscillograph which 
has been developed in the High Voltage Laboratory of Purdue 
University. This instrument will be connected to the lines of 
this company and it is hoped that more exact information as to 
the character of the surges on the system will be secured. This, 
together with the investigation on other systems along the same 
line, will perhaps give us information that will be of great value 
in connection with the design of transmission lines and 
substations. 


Philip Sporn: Mr. Michener’s point with regard to the 
effectiveness of the ground wire, I think, is very well taken. 
The papers, as a whole, do not bring out the effectiveness of the 
ground wire as clearly as do other operating data and I should 
like to refer Mr. Michener to the series of papers that has been 
presented during the last three years before the Institute, on the 
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lightning experience that we had with the Philo-Canton line both 
before and after ground wires were installed, which throw some 
light on the ground wire’s effectiveness. 

Mr. Foote brought up a point with regard to choke coils. 
When we first started our klydonograph layout to study the 
effectiveness of the choke coils we had pretty high hopes. We 
thought we would get come definite information either pro or 
con. The first thing that we ran into was a few surges that 
came in where we found on one side of the choke coil some 200 
ky. positive and on the other side we found the same negative, a 
reversal of polarity taking place through the choke coil. On 
going to the next tower out from the station we found that it was 
still positive. We did not believe this. There are so many 
surges that can be superimposed one on top of the other, or 
combined due to reflection, and since the klydonograph records 
only the one maximum voltage which exists, the limited informa- 
tion that we have obtained so far cannot possibly be conclusive. 
However, we do believe that this much has been shown. In so 
far as it can be said that the choke coil is either a benefit or a 
hindrance in connection with a lightning arrester the data showed 
definitely that it is certainly no worse than neutral and very 
often beneficial. Theory, of course, checks that up also. 

Mr. Austin made the statement that attenuation is much less 
rapid with the ground wire than without it. This is obviously 
notso. He is right if he means that due to the fact that where a 
ground wire exists the possible amplitude of the wave is initially 
eut down and therefore the rate of attenuation on this reduced 
wave is much smaller than it would have been on the wave 
without a ground wire. Otherwise he is not right, since the 
ground wire helps reduce the amplitude of the wave by acting 
as an absorbing medium. 

N. N. Smeloff: The type of potentiometer used on our 
system produces slightly damped figures. We have not dis- 
carded these figures from our study, but classified them and 
used them. These uses were made with a reservation, 7. e., it 
is without doubt now established that the slightly damped 
figures are produced by 60-cyele potential and this type of poten- 
tiometer; however, the highly damped figures may be present, 
but obseured by the slightly damped figures. This has been 
proved by the fact that during some trip-outs and flashovers of 
the line, only the slightly damped figures were obtained on the 
recorder films. 

The study during 1928 is more extensive: more instruments 
and additional 220-kv. line are used. The potentiometers for 
the surge-voltage recorders have been modified in such a manner 
that no slightly damped surges are produced that would obscure 
the recorder films. 

It would be rather premature to draw conclusions about the 
operation of our new 220-kv. line. It went through just about — 
two months of lightning season operation without trip-outs. 
Surge-voltage recorders are installed and we expect to obtain 
valuable data. On the old line, Wallenpaupack-Siegfried, we 
again had several flashovers. The flashovers occurred on 
the unprotected section of the line as well as on the section 
where the overhead ground wire was installed. So again we are 
not in a position at this time, to make any definite conclusions 
on the value of overhead ground-wire protection. 
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To the Board of Directors: 


1, ) THe RESEARCH COMMITTEE 


In order to increase the activities and usefulness 
of the committee it seemed desirable to appoint working 
subcommittees to take charge of the several important 
divisions of the work. The following have been 
appointed: 

Subcommittee on Placing of Research Subjects with 
Suitable Persons and Organizations—(D. W. Roper, 
Chairman). 


Subcommittee on Training of Research Men—(V. 
Bush, Chairman). 

The membership of the committee should be so 
chosen that a considerable percentage of the member- 
ship of the subcommittees will overlap from year to 
year. The appointment of several other working sub- 
committees is under consideration. It is hoped that 
the working committees of the Research Committee 
will eventually make it as effective in the research 
field as similar working committees have made the 
Standards Committee in the standardization field. It is 
suggested that consideration be give to changing the 
Research Committee from a technical committee to a 
standing committee. 


2. EXAMPLES OF OUTSTANDING RESEARCH DURING 
THE YEAR 


The spectacular contribution to the communication 
art in the past year has been television. This has a 
particular interest from the standpoint of research 
since it was made possible by improvements in mechan- 
ical and electrical facilities that have sprung directly 
from research work, instances of which are improvements 
in photoelectric cells, in methods of amplification, 
in gaseous discharge lamps for producing visible effects 
from rapidly changing electrical signals, and im- 
proved methods of synchronization of widely separated 
points. 

Other developments are the Knowles tube and its 
application to the televox, starting electrical equipment 
at a distance, and the development of a 50 million-cycle 
tube with a 10-kw. output. The increase in power 
of many American and foreign radio stations, making 
them international in their effects, raised the question 
as to whether or not the national standards of radio 
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frequency of various governments were in agreement. 
During the past year a check was made by Dr. Dellinger 
of the Bureau of Standards in the National Laboratories 
of England, France, Italy, and Germany by means of 
the temperature controlled piezo-oscillator. The aver- 
age difference was only 0.03 kilocycles in 1000. This 
is much smaller than the variation of 0.5 kilocycles 
allowed broadcasting stations in this country. 

A radio beacon system establishing an invisible 
but infallible course along which aviators can fly 
regardless of weather conditions, has been sufficiently 
perfected by the Bureau of Standards so that routine 
use of it on regular airways is beginning. 

A most impressive and historic event took place 
at the Winter Convention this year. Through the 
courtesy of the American Telephone and Telegraph 
Company and the British Post Office a joint meeting 
took place over the radio telephone between the 
Institution of Electrical Engineers of Great Britain 
meeting in London and the American Institute of 
Electrical Engineers meeting in New York. 

There has been a number of researches during the 
past year of afundamental nature. Particular mention 
might be made’ of the work of Davison and Germer 
regarding the diffraction of electrons by crystals of 
nickel. They prove that electrons behave at reflection 
as though they had wavelengths dependent upon their 
velocity. The discovery and measurement by J. B. 
Johnson of an electromotive force due to the thermal 
agitation within conducting materials is also of 
importance. 

Among new tools which increase the scope of funda- 
mental work in physics and engineering might be 
mentioned the operation by Coolidge of three cathode 
ray tubes in series at 900,000 volts. 

A lightning generator producing impulses of over 
3,500,000 volts also offers an important tool for the 
extension of fundamental work in physics and 
engineering. 

Considerable important work on insulation measure- 
ments and lightning measurements on transmission 
lines is being carried out. 

An analysis of the important fundamental research 
of the country shows that a fairly large percentage is 
still being done by the large industrial laboratories 
such as those of the American Telephone and Telegraph, 
the Westinghouse, and the General Electric Companies. 


3. RESEARCH ORGANIZATIONS 
While the large manufacturing companies are still 
doing a considerable percentage of the important funda- 
mental research, there are indications that our colleges 
and other organizations will play an increasingly 
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important part, as they should. It is reassuring that 
funds are more readily available than ever before. 

An important new factor in research has been given 
us in the Bartol Foundation, the result of a large be- 
quest. Dr. Swann, director of this organization, which 
will undoubtedly have a very important influence on 
future American research, has kindly supplied the 
following information regarding it. 

“The Bartol Research Foundation of the Franklin 
Institute is at present located in three houses at 127 
No. 19 St., Philadelphia. These houses were made 
over a few years ago for laboratory purposes, and 
comprise ten research rooms, a library, glass blowing 
room, shop, and accommodations for storage battery 
equipment, etc. 

“The present site is only temporary, pending the 
completion of a new laboratory. By an arrangement 
with Swarthmore College, it has been decided to 
build upon the campus of the college. By this arrange- 
ment the laboratory secures a site free from the dis- 
turbances of traffic and protected as regards its sur- 
roundings. It secures a congenial academic atmosphere 
such as most of its members have been accustomed to. 
On the other hand, while there is no affiliation to the 
college itself, the college feels that our presence will 
rebound to its advantage in many ways, and we hope 
and feel that this will be so. 

“The laboratory will be about 110 ft. long and 50 ft. 
wide, comprising a basement, first and second floor, 
and a subbasement large enough to accommodate one 
spectroscopic room. The attic will also accommodate 
two rooms. The basement floor includes a large ma- 
chine shop, wood shop, a glass blowing shop, and a 
battery installation, together with a room for miscel- 
laneous technical operations. 

“The first floor will be devoted to research laboratories 
and a workshop for the fellows, and the director’s 
laboratory and offices. On the second floor there will 
be an apparatus room, a lecture room and large library, 
an optical shop, small office and research rooms, and the 
attic will provide for a chemical laboratory. The whole 
is designed to accommodate about ten or fifteen fellows 
together with the director, and research assistants. 
At the present time the technical staff comprises one 
instrument maker, one mechanic and an apprentice, 
also a full time glass blower and a general utility man. 

“The main activities of the laboratory will be directed 
to the investigation of scientific problems pertaining 
to the fundamentals of electrical science. This is, 
of course, rather a wide field and comprises practically 
the whole field of modern atomic structure underits head. 

“While the laboratory is primarily for research, it is 
proposed to provide in it such conditions for continued 
mental development as are desirable for young men of 
the post Ph. D. type. The director and the individual 
fellows take turns in lecturing to the group upon 
various phases of modern physics, particularly in 
relation to atomic structure. The Bartol Foundation 
has been fortunate in having many lecturers from Ameri- 
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can institutions, and a fund has been appropriated for 
the purpose of bringing from time to time distinguished 
physicists to stay here for a period of two or three 
months and give the laboratory the benefit of their 
intellectual contact. 

“‘At the present time, the laboratory is accommodating 
six fellows on its payroll, one National Research 
Council fellow, a guest fellow, and one research 
assistant. It is possible that two or more National 
Research Council fellows will be here next year. 
Since October 1, 1927, eight publications of the Bartol 
Foundation have appeared in the Journal of the Frank- 
lin Institute and six publications of the results of 
investigations at the laboratory have been presented 
before the American Physical Society. 

The following investigations are at present under way 
at the laboratory. 

1. An investigation on the reflection of atoms of 
atomic hydrogen from crystal surfaces. 

2. The production of, and characteristic properties 
of X-rays produced by protons. 

3. An attempt to detect a magnetic field resulting 
from the rapid rotation of a copper sphere. 

4. An investigation concerning the pulling of 
electrons out of metal under intense electric fields. 

5. An investigation of the loss of velocity of electrons 
as a result of the production of characteristic X-rays 
in the passage of the electrons through thin metallic 
films. 

6. A series of investigations pertaining to the mech- 
anisms involved in the production of the electric are 
between carbon electrodes and metal electrodes. 

7. The design of an apparatus for the production of 
high electrical potentials. 

8. A series of investigations having to do with the 
effect of high-frequency fields on optical and allied 
properties of transparent media. 

9. An investigation of the nature of excitation of 
various lines in the mercury arc. 

10. An investigation of the part played by cosmic 
radiation in the production of radio activity. 

11. An investigation on the electrical conductivity 
of non-aqueous solutions of solvents. 

12. A theoretical investigation on the scattering of 
X-rays by matter. 

13. The preparation of a paper involving the results 
of observations of the cosmic radiation, made at Pike’s 
Peak and New Haven.” 

a eee eee Se 

The Public Utilities are entering the research field 
and are not only supplying money to colleges, but are 
also operating research laboratories. As an example, 
the Utilities Research Commission, made up of repre- 
sentatives of the utilities of which Mr. Samuel Insull 
is the head, has arranged for investigation of cable 
insulation at the University of Illinois, of lightning 
protection at Purdue, and of properties of insulation 
at the University of Chicago, ete. 

Important work is being carried on in insulation by © 
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committees of the National Research Council, the 
N. E. L. A., ete. 

The Research Committee of the Institute serves as 
the Advisory Committee on Electrical Engineering to 
the National Research Council and is also closely 
cooperating with the Engineering Foundation. 


4. THE TRAINING OF RESEARCH WORKERS 


Results in research depend more upon men than 
money and laboratories. It is still a fact that in spite 
of organized research and group working in large 
laboratories, outstanding results are generally due to the 
genius or inspiration of the right man. While such 
men cannot be manufactured in our colleges, natural 
ability can be developed under the proper influence. 
Apparently the colleges are making progress, as in- 
dicated by the report of Professor V. Bush, Chairman 
of the Subcommittee on Training of Research Engineers, 
which follows: 

“There is a considerable increase in the emphasis 
being placed on graduate study and hence on engineer- 
ing research, which is an important part of such study, in 
schools of advanced standing among the technical 
educational institutions of the country. The total 
graduate enrolment in engineering colleges on the basis 
of the statistics of the United States Bureau of Education 
was 1114 in 1925-26, 1566 in 1926-27, and 1669 in 
1927-28. The principal branches are civil, mechanical, 
electrical, and chemical engineering and in 1925-26 
these four included 807 out of the 1114. During the 
three years cited the figures for civil engineering are 
156, 240, and 266; those for mechanical engineering 
256, 206, and 240; and those for electrical engineering, 
281, 434, and 468. Of course these figures include 
many graduate students in technical schools where there 
is little important research being carried on; and perhaps 
only 30 or 40 per cent are in contact with research of a 
high order in their institutions. Still it is evident that 
there is an increasing tendency toward work of. this 
nature in technical schools, and that this tendency is 
particularly marked in recent years among students 
of electrical engineering. 

“Tt is believed that this tendency toward graduate 
study and research is ahealthy development, and thatits 
growth should be encouraged by industry and by the 
profession. Perhaps the greatest encouragement that 
can be given is for the students to learn that real 
achievement in advanced work ishighly regarded by the 
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profession wherever such is the case. There is no 
doubt that the recent analysis by the Bell System of the 
correlation between high grades in college and success 
in later work on their staff, as presented by President 
W.S. Gifford in Harper’s Magazine for May 1928, will 
have a real vital influence in encouraging a scholarly 
attitude on the part of undergraduates generally. 
Similarly, if the industry and profession find by ex- 
perience that graduate study of a serious sort is worth 
while for students of outstanding ability, the knowledge 
that such a conviction exists will be of the greatest value 
in raising the tone of graduate study and research in the 
engineering colleges. It isto be hoped, therefore, that 
the membership of the Institute will watch this develop- 
ment of graduate study and research with interest, and 
that, if they believe it is a desirable thing for the 
progress of electrical engineering, they will make known 
their convictions in an effective manner. 

“Direct aid of such work by industries is, of course, 
valuable, particularly when the research carried on at 
educational institutions is carefully correlated with the 
regular instruction so that the full pedogogical benefit 
of working in a research atmosphere is obtained. Some 
years ago, for example, when graduate study in engi- 
neering schools was just beginning to grow, the Ameri- 
can Telephone and Telegraph Company contributed 
directly to electrical engineering research at the Massa- 
chusetts Institute of Technology, and the work resulting 
was conducted in close liaison with the instructional 
program of that institution. The research results 
obtained were themselves worth while, but more im- 
portant was, undoubtedly, the influence upon the 
student body and the early exposure of students to 
the research point of view. 

“It is becoming increasingly evident in recent years 
that electrical engineering is adopting and applying 
more and more of mathematical and applied physics 
and chemistry. Hand in hand with this adoption must 
go the training of research workers of high calibre who 
have the engineering attitude, if the greatest progress is 
to be made. Industrial research is being well carried 
on by the industry, but the principal supply of research 
workers must come from the colleges; and, as electrical 
engineering becomes more and more complex, the 
training in advanced study and research in the technical 
schools must continue to expand as it has done in recent 
years to meet the need.” 

F. W. Peek, Chairman. 
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ANNUAL REPORT OF THE ELECTROPHYSICS COMMITTEE* 


To the Board of Directors: 


The personnel of the Committee and its general 
policies have been practically the same as during the 
preceding Institute year, so that this report is essen- 
tially a continuation of the last year’s report. A steady 
endeavor has been made during the year to connect 
some practical engineering problems with the achieve- 
ments and efforts of modern physics, both experimental 
and mathematical. In these endeavors we have been 
materially assisted by the two liaison representatives 
of the American Physical Society, authorized by the 
Board of Directors in 1927. As a further step in the 
same direction, the committee arranged for a general 
lecture on The Nature of the Electric Are which was ably 
delivered by Professor K. T. Compton at the 1927 
Summer Convention in Detroit. 


The success of this lecture led to an authorization of 
another lecture at the 1928 Winter Convention. The 
subject of this lecture was The Earth’s Electric Charge, 
and it was delivered by Dr. W. F. G. Swann of the 
Bartol Research Foundation. This lecture was also 
quite successful, and as a result a lecture on geophysics, 
by Dr. C. A. Heiland, was presented at the Denver 
convention. The committee recommends that a 
lecture on some topic in “border sciences,’ such as 
physics, chemistry, mechanics, and mathematics, 
be scheduled at all our large conventions, as a stimulus 
to young engineers in fostering the progress of the art 
and as a preventative against in-breeding. In particu- 
lar, for the next Winter Convention, the committee 
suggests a topic on spectrum analysis in application to 
the constitution of the stars. During such a lecture, 
much of the latest progress in the atomic structure 
could be explained on a specific problem. 


PAFERS PRESENTED 


Quite a number of papers related to electrophysics 
have been presented at or scheduled for various Insti- 
tute meetings during the period covered by this report. 
The titles and authors of several of these papers are 
mentioned below in connection with the individual 
topics. The papers themselves will be found in the 
JOURNAL and the TRANSACTIONS for 1927 and 1928. 
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ELECTRICAL DISCHARGES IN GASES 

Disruptive Discharges. A simple relation for deter- 
mining the voltage across a spark-gap during the course 
of breakdown has been given, but the constant entering 
into this relation has been found to vary widely under 
different conditions of test. (Toepler, Mueller, Arch. f. 
Elektrotech.). Cathode ray oscillographic study of 
spark-gaps also gives results incompatible with the 
Toepler spark constant (Tamm, Arch. f. Elektrotech.). 
Photographs of incompleted sparks indicate the need 
for modification of the Townsend sparkover theory 
for high voltages at atmospheric pressures. (Torok, 
A. I. E. E. QUARTERLY, April 1928). The distortion of 
the electric field by a space charge in the early stages of 
the formation of the spark may be important (Loeb, 
Journ. of Franklin Inst.). Whether negative ions are 
generated near the cathode by collisions of positive 
ions with gas molecules, or by radiation acting photo- 
electrically upon the cathode, has been actively debated. 
(Taylor, Townsend, Phil. Mag.). Experiments on 
“three-point spark-gaps” favor the photoelectric action. 
(Morgan, Thomson, Phil. Mag.). Lowering of the 
sparking potential under sustained high-frequency 
applied voltage has been observed. (Reukema, 
A. I. E, E., TRANS., 1927). 

Corona. Further studies on the mechanism of 
corona, bringing out the part played by space charges, 
have been made (Carroll & Lusignan, QUARTERLY 
TRANS. 1928, Peek, A. I. E. E.TRANS., 1927). A quanti- 
tative theory giving excellent checks with observations 
has been developed for the d-c.corona. (Holm Arch. 
f. Elektrotech.) 

Arcs. There has been great interest in the theory of 
the electric arc. The possibility of arcs with cathodes 
too cold for thermionic emission is being accepted. 
Application of the heat balance method of determining 
the proportion of current carried by electrons from 
the cathode does not agree with the thermionic theory 
of the cathode. (Compton, A. I. E. E. TRANS., 1927). 
In applying the heat balance method, the experimental 
results of Van Voorhis (Phys. Rev.) on the heat of 
neutralization of positive ions are important. The 
view that electrons are drawn from the cathode by 
very high electrostatic gradients maintained by space 
charges is being favored (Compton, Prince, A. I. E. E. 
TRANS., 1927). In this connection, however, 


Rosario (Journ. of Frank. Inst.) describes experiments — 


casting doubt on the ability of electric fields, of the 
order of magnitude here postulated, to draw electrons 
from a cold cathode. 
SHORT-TIME PHENOMENA 
The study of transients occurring on transmission 
lines, with the aid of the klydonograph and surge 
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recorder, has been actively pursued during the past 
year. Although much valuable information has been 
obtained, yet it is becoming increasingly apparent that 
more information is needed with respect to the form of 
the transients than the Lichtenberg figures have given. 

The cathode ray oscillograph is the only device 
available which will give an oscillographic record of 
the volt-time relations of short-time transients. Nor- 
inder has applied the oscillograph to this work success- 
fully. Additional work is being undertaken in this 
country so that valuable contributions along this 
line may be looked for in the next few years. 

The study of lightning and of transients due to light- 
ning still continues to occupy the interest of physicists 
and engineers. Several laboratories in different parts 
of the world are being equipped to study high-voltage 
transients. Crest voltages of over 3,000,000 volts 
have been reached. Spark-gap measurements, in- 
sulator flashover, strength of insulation, as in trans- 
formers, and the strength of wood poles, are some of the 
problems being actively studied. 

Valuable research has been accomplished in con- 


_ nection with the protection of oil tanks and reservoirs 


against lightning strokes. Still more work is needed 
in order that the mechanism of the lightning discharge 
may be more fully understood. Some studies have 
been reported in which the mechanism of the breakdown 
of a sphere-gap and a needle-gap under transient 
conditions has been studied experimentally. (Torok, 
see above; Zinszer, Phil. Mag., 1928). Additional 
research of this nature would be of great value. 


HIGH-VOLTAGE. RESEARCH 

Further study has been made during the past year 
of corona, using the cathode ray oscillograph. Valuable 
contributions with respect to the space charge of 
corona have been made. Last year marked the first 
220,000 volt transmission to be installed in the Hast 
and this year this system has been considerably ex- 
tended. Studies of lightning phenomena are being 
continued on this 220,000-volt system with the promise 
of obtaining useful data. 


FERROMAGNETISM 


Among the advances which have been made in the 
field of ferromagnetism during the past year are the 
following: 

1. Further studies of the magnetization and mag- 
netostriction of single crystals of iron (Dussler and 
Gerlach) and of nickel (Kaya and Masiyama, and 
Sucksmith, Potter, and Broadway), show the depen- 
dence of these properties on crystallographic direction. 

2. The permeability of iron has been reported in two 
papers (Wait, and Gutton and Mihul) to have no 
peculiarly small value in alternating fields of radio 
frequencies, contrary to the results of Wwedensky. 

3. Magnetic viscosity, the time lag in magnetiza- 
tion, has been investigated experimentally by Lapp. 

4. DeWaard in a mathematical treatment has 
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attempted to account for ferromagnetic properties as 
dependent on crystal form and crystal lattice. 

5. Some evidence has been obtained by X-ray analy- 
sis of films of iron in magnetic fields as to the ultimate 
nature of magnetism. T.D.Yensen, Phys. Rev., Vol. 31, 
April 1928, p. 714. 

6. An X-ray analysis of thin films of electrolytic 
iron gave results supporting the hypothesis of the atomic 
nature of magnetism. A circular X-ray diffraction 
pattern resulting from the randomly oriented minute 
erystals of iron in a film were examined with the film 
unmagnetized and also magnetized. No difference 
in the pattern due to magnetization could be detected, 
a result apparently explicable only on the assumption 
that the fundamental magnetic unit is atomic in 
character. 


7. A notable contribution to the literature of 
ferromagnetism, of particular interest to electrical 
engineers, is T, F. Wall’s book on Applied Magnetism. 


8. A new method of obtaining strong magnetic 
fields has been described; P. Kapitza, Roy. Soc. Proc., 
115, Aug. 1927, p. 658. 


9. A magnetic field within a coil of wire was pro- 
duced by sending through the coil a current with 
amplitude in some cases as high as 72,000 amperes. 
As a source of current, a single-phase a-c. generator 
of the turbo alternator type was used, a half cycle only 
being utilized. A magnetic field within the coil, of 
about 320,000 gauss, was developed for about 1/100 
of a sec. throughout a volume of 2 cu. cm. The chief 
difficulty encountered was in designing a coil to with- 
stand the extremely large mechanical distorting forces 
of electrodynamic origin. Experiments on the change 
of resistance of bismuth due to a field of 300,000 gauss 
showed a thousandfold increase in resistance at the 
temperature of liquid air and a fiftyfold increase at 
room temperature. 


RADIO AND ELECTRO ACOUSTICS 


The following were live topics during the year under 
review: 

A. Radio: 

1. Propagation phenomena; effect of solar activity, 
ionized regions, Heaviside layer, etc., on radio trans- 
mission; 

2. Precision measurement of frequency; 

8. Television without wires; 

4. Radio on trains; 

5. Miscellaneous apparatus, such as field intensity 
sets, tube generators, etc. 

B. Acoustic matters: : 

1. Super-sonic waves in gases, liquids, and solids;* 


*By super-sonic waves are meant longitudinal vibrations 
similar to sound waves, but of frequencies much beyond the 
audible range, reaching as high as 400,000 oscillations per 
second and beyond. Some striking effects of such waves, as 
well as practical applications, have been demonstrated by Prof. 
R. W. Wood of Johns Hopkins University. 
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2. Analysis of vowel and other sounds by means of 
technical devices; 

3. Bessel and exponential horns for sound power; 

4. Loudspeaker and receiver tests; 

5. Sound transmission through building materials. 
C. Generation of Sinusoidal Sound Waves: 

A beat-frequency generator, for producing audio 
currents which are practically sinusoidal, has been 
constructed by the Bureau of Standards. The fre- 
quency is adjustable and stabilized by means of a 
piezoelectric quartz disk and can be directly read off on 
a scale. The holder containing the piezoelectric 
element has a hand control for changing the frequency 
of the quartz disk by a small amount (a fraction of a 
cycle to several cycles). 

On account of the piezoelectric control, it is possible 
to reset the calibration for the frequency for most any 
useful B voltage on the tubes producing the two high- 
frequency currents which beat with each other. The 
resetting can be carried on without any standard, by 
means of a filament rheostat common to both oscilla- 
tor tubes. The slow visible vibrations on the meter for 
the anode current of the piezoelectric oscillator are 
utilized for the resetting of the scale. 

A thermostatic control is provided for very accurate 
work. Two filter detector circuits are provided for 
obtaining audio currents of a good wave shape and 
keeping any high-frequency currents away from the 
load branch. A specially designed power amplifier 
is available. The same is used when more energy is 
required. 

MAGNETIC AND ELECTROSTATIC FIELDS 

Magnetic field distribution has been studied in 
application to various problems in electrical machinery, 
such as reluctance, wave form of e.m.f., pole-face 
losses, inductance, armature reaction, ete. 

An important advance in our knowledge of magnetic 
fields is the work of Dr. Th. Lehmann. In the Revue 
Generale de l’Electricite, Dec. 24, 1927, he discusses the 
effects of pole saturation and interpolar iron on inter- 


polar flux, considering as before the non-lamellar charac- 


ter of the field. The non-lamellar field, also treated in 
some recent articles in the General Electric Review, and 
Electric Journal, is related to eddy-currents, which were 
considered by Roth, Schenkhag, and Strutt. Roth has 
discussed the case of slot-conductors in the Revue 
Generale de l’Electricite of Sept. 27, 1927. H. Schenk- 
hag and M. Strutt have discussed the flux distribution 
in busbar conductors, in the Archiv fir Elektrotechnik. 
Dr. E. Weber, in the Archiv fir Elektrotechnik of Nov. 
17, 1927, has reported on the effect of the pole-shoe 
shape on flux distribution and wave form of e. m. f. 
Dr. Th. Lehmann has pointed out a needed modifica- 
tion of the ‘“Minimum-Reluctance Rule” in computing 
mechanical forces of the magnetic field. 

The electrostatic field of force within high-tension 
transformers has been investigated by Dr. J. Labus in 
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the Archiv fiir Elektrotechnik for Nov. 8rd, 1927. The 
method used was that of the functions of a complex 
variable, and several new cases have been solved. 
W. Wittwer in the Archiv for April 7, 1927, reported on 
a combined mathematical and experimental method, 
by which he has studied the correlation between the 
breakdown strength and the geometrical factor, for the 
cases of insulation bounded by electrodes with sharp 
edges. 


DIELECTRICS 


In view of the existence of a Committee on Electrical 
Insulation of the National Research Council (Professor 
J. B. Whitehead, Chairman) with which the writer of 
the present report has kept in close touch through 
several members common to both committees, the 
activities of the Electrophysics Committee in the field 
of dielectrics so far have mainly consisted in cooperating 
with the other committee. Those interested in details 
of various research projects and actual investigations in 


the field of dielectrics, should consult the Annual 


Reports of the Committee on Electrical Insulation. 
Among the principal problems under discussion are the 
following: (a) Dielectric phase difference, loss and 
absorption; (b) Ionization, polarization, and physical 
theories; (c) Dielectric strength and breakdown; (d) 
Dielectric constant; (e) Resistivity and conductivity; 
(f) Flashover; (g) Physical and chemical changes due 
to electric stress; (h) Properties of particular materials 
as related to manufacturing processes; (i) Special 
problems on the insulation of communication systems. 

At the summer convention of the A. I. E. E. in Detroit, © 
in 1927, a serial report of the Committee on Electrical 
Insulation covered the literature on Electric Strength 
of Solid and Liquid Dielectrics. During the past year 
there have been few contributions on this subject in 
American literature and the foreign press has contained 
a few articles. Apparently more attention is being 
given to other phases of dielectric behavior and to 
consideration of various series of dielectric phenomena. 
A serial report of the Committee on Insulation of the 
National Research Council prepared by Dr. Curtis 
covers the subject of electrical resistivity of insulating 
materials, and we have had a paper on the Theory of 
Imperfect Solid Dielectrics by Dr. Malti. Bush and 
Moon have reported on a device for automatically 
obtaining a large number of determinations of dielectric 
strength as a means of eliminating some of the uncer- 
tainties due to the wide variations between individual 
readings. This seems to offer considerable promise if 
applied to other materials than those studied by these 
authors. 

A paper by Murnaghan throws additional light on the 
Boltzmann-Hopkinson principle of superposition as 
applied to dielectrics and is indicative of the attention 
which is being given in several laboratories to the 
phenomenon of absorption. 

A considerable number of thorough-going researches 
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are under way dealing with various phases of impreg- 
nated paper insulation as used in high-voltage cables, 
and the results of some of these have appeared in print 
as papers before the Institute, or those of rather more 
restricted circulation. This includes the paper pre- 
sented by the Detroit Edison Company before the 
Association of Edison Illuminating Companies. 

Joffé, at Leningrad, and some of his coworkers are 
studying dielectric absorption in its relation to polari- 
zation and conductivity of crystals. This work is very 
significant in its indication of the nature of dielectric 
absorption in some of its manifestations. He shows 
that in certain crystals there is an initial constant 
conductivity and that the final absorption phenomenon 
is due to a polarization which may be treated inde- 
pendently of the conductivity. Some of his coworkers 
have attempted to show that this initial conductivity 
is sufficient to account for the dielectric loss. 

A number of experimental researches on dielectrics 
is being conducted at various universities, as will be 
seen from the following partial list: 

Harvard University, under Prof. C. L. Dawes— 
“Gaseous Ionization in Impregnated Paper Insulation.” 

Massachusetts Institute of Technology, under Prof. 
V. Bush—“The Properties of Papers used for Impreg- 
nated Paper Insulation.” 

Johns Hopkins University, under Prof. J. B. White- 
head—“Influence of Variations in Drying and Evacuat- 
ing Processes on the Properties of Impregnated Paper.” 

University of Wisconsin, under Prof. Edward Ben- 
nett—“‘Relation between Dielectric Losses and Anoma- 
lous Charging Current.” 

University of Illinois, under Prof. E. B. Paine,— 
“Tonization in High-Voltage Cables.” 

The Johns Hopkins University, under Prof. W. B. 
Kouwenhoven,—‘“‘Phase Difference in Air Condensers.”’ 

University of Wisconsin, under Professor Edward 
Bennett,—‘‘Properties of Dielectrics.” 

The Johns Hopkins University, under Prof. J. B. 
Whitehead,—“‘Fundamental Study of Dielectric Ab- 
sorption of Waxes and Oils.” 

Cornell University, under Professor V. Karapetoff,— 
“Study of Oils used in High-Tension Cables.” 

These researches are supported for the most part by 
the National Electric Light Association, Association of 
Edison Illuminating Companies, the Engineering Foun- 
dation, or individual public utilities. 


MECHANICAL SOLUTIONS OF ENGINEERING PROBLEMS 


An Integraph has been developed by Professor V. 
Bush and his coworkers at Massachusetts Institute of 
Technology, for a mechanical solution of rather compli- 
eated differential and integral equations occuring in 
various branches of engineering. The machine has 
already been applied to several problems; for details see 
Journal of Franklin Institute, Jan. 1927, p. 63, and 
Noy. 1927, p. 575; also Physical Renew, Feb. 1927, 
p. 337. 
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A mechanical device which quantitatively imitates 
electric transients in an interconnected power system, 
was described in a paper by R. C. Bergvall and 
P. H. Robinson at the Baltimore Regional Convention 
of the A. I. E. E., (QUARTERLY TRANS., July 1928). 


TEMPERATURE MEASUREMENTS 


On May 12, 1927, the following resolution was passed 
by the Standards Committee of the A. I. E. E.: “That 
the broad question of standards for the technique of 
temperature measurement be referred to the Electro- 
physics Committee for investigation and report.” 
In accordance with this request, the chairman has taken 
steps to ascertain the views of some interested parties 
and obtained a list of persons competent to serve 
on a subcommittee on Temperature Measurements. 
The problem is quite broad and the proposed sub- 
committee will have to investigate various methods 
of accurate temperature measurement, used in practise 
and in scientific work; find out their limitations and 
advantages, and select those which are sufficiently 
accurate without being unduly intricate. The chair- 
man of this subcommittee has not been chosen as yet, 
but the matter has been submitted to the Bureau of 
Standards in the hope that a member of their staff may 
serve as chairman and thus be an impartial connecting 
link among the various industrial groups and scientific 
specialists represented on the subcommittee. It may 
be of interest to mention that there is a Committee on 
Heat Transmission of the National Research Council, 
and among its subcommittees there is one on Tempera- 
ture Measurements. It is hoped that the proposed sub- 
committee will cooperate with this subcommittee. 


SoME POINTS OF CONTACT BETWEEN ELECTROPHYSICS 
AND ELECTRICAL ENGINEERING 


A pure physicist usually studies whatever interests 
him most, or for whatever problem he has the necessary 
experimental and mathematical equipment. On the 
other hand, an applied physicist, or an engineer working 
on the border line between engineering and physics, is 
naturally limited to those topics which promise a more 
or less immediate application. The following list 
indicates some of such topics, although undoubtedly 
there are many more not included init. It is hoped that 
this list may stimulate some younger engineers to 
undertake further “importation” of methods and re- 
sults from the domain of physics into that of engineering. 

Arcs; their theory, spectroscopy, phenomena at the 
cathode, stability, range of voltage, distribution of 
potential. 

Atmospheric Electricity; theories of; methods of 
measurement; prediction of disturbances; thunder- 
storms, aurora borealis, ionized conducting upper layer 
of the atmosphere, the nature of terrestrial magnetism. 

A-C. Bridges; various types, sources of power, 
detectors, inaccuracies, shielding. 

Bushings for Extra-high Voltages; theory of stress 
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distribution; design, experimental investigation of 
stresses, and safety against flashovers. 

Cables; capacitance, heating, insulation resistance, 
ionization, study of oil and paper, stresses, joints, sheath 
and armor. 

Capacitance; computation of, for lines, cables, plates, 
spheres, antennas, and irregular shapes. Measurement 
of capacitance in difficult cases; design of condensers for 
extra-high voltages and large capacitance. 

Cathode Rays; their theory, production, measure- 
ments, application to oscillograph, penetration through 
matter, production of X-rays. 

Circuits; general theory of; Heaviside’s operational 
calculus; Carson’s theories. 

Conduction of Electricity in gases, liquids, and solids; 
fundamental theories, crucial experiments. 

Contact Phenomena; resistance, e. m. f., heating, etc. 

Corona, as a particular case of ionization and con- 
duction in gases; study of the individual layers of 
ionized gas, from the electrode out; space charge, 
mobilities of ions, ete. 

Dielectrics (topics discussed above). 

Discharges; glow, brush, streamers, sparkover; their 
spectroscopy; character of ionization, numerical 
relationships. 

Electromagnetic Theory; circuit equations, propagation 
of disturbances in dielectrics, dispersion; vector calculus 
operators; eddy currents in large conductors. 

Electrometers; uses, theory, improvements in con- 
struction to facilitate setting up and use. 

Electrons and Positive Ions; the fundamental proper- 
ties: mass, charge, velocity, equivalence to a current, 
magnetic and electrostatic fields produced by such ions; 
action of external fields on an ion; relativity correction 
for mass; statistical mechanics of ions and neutral 
particles of matter in a mixture; reflection, ionization, 
diffusion, mobility, space charge; clustering; different 
kinds of collisions; refraction from crystals. 

Fields, Electric and Magnetic; theory of fields, 
mapping out a field experimentally; theoretical plotting 
of lines of force and of equipotential surfaces; extension 
+o three-dimensional problems. 

Heat conduction in electric conductors and in dielec- 
trics; accurate measurement of temperature distribution 
in electrical apparatus; theoretical investigation of 
heat flow in connection with iron loss and dielectric 
loss. 

High-Voltage Tests; development of the technique of 
impressing a voltage of desired magnitude and wave 
form (steady, sinusoidal, impulse, etc.) and of accurately 
measuring its effect. 

Inductance; measurement and theoretical computa- 
tion of, for coils, lines, cables, and conductors of irregu- 
lar shapes; effect of frequency. 

Lichtenberg Figures; a detailed study of their produc- 
tion and properties; development of more sensitive 
figures which would clearly differentiate between the 
magnitude of an impressed voltage and its wave form. 
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Lightning Protection; development of laboratory 
tests for lightning arresters under conditions approxi- 
mating actual service; measurement of actual line 
disturbances; production of materials and combinations 
with a smaller time lag, for lightning arresters; valve 
action; effect of a resistance in series with a protective 
device. 

Measurements of amplification, current, frequency, 
voltage, power, phase angle, resistance, inductance, 
capacitance, time intervals, lengths, etc., when these 
quantities are extremely small, extremely large, of 
transient nature, or have to be observed under difficult 
conditions. Measurement of quantities introduced 
by the modern electronic physics, such as ionic currents, 
quanta, radiations, spectral lines, photoelectric effects, 
etc. 

Oscillations; generation of electric oscillations; suit- 
able circuits; theory of complex oscillations; the matrix 
theory of spectral lines. 

Oscillographs; further development of types to extend 
the present range of usefulness. 

Photoelectricity; theory of; measurement of the 
quantities involved; development of better photo- 
electric cells; new applications of such cells. 

Piezoelectricity; theory, applications, apparatus, mea- 
surements. 

Quantum Theory. 'This theory is the foundation of 
modern physics, and one not familiar with its premises 
and formulas is cut off from reading most modern books 
and periodicals in physics and from following the 
progress of the art. 

Spark-Gaps and Sparkovers. Much remains to be 
done in ascertaining the behavior under various condi- 
tions of gas pressure, temperature, and moisture. A 
more rational theory, in terms of electronic ionization, 
photoelectric effect, and space charge is also needed. 

Spectroscopy is proving to be a very powerful tool in 
various physical studies, so that it is of importance for 
engineers to become familiar with its methods, theory, 
and nomenclature, such as band and line spectra, are 
and spark spectra, relative intensities of lines, super- 
fine structure, terms, series, excitation by collisions and 
by radiations, ete. 

Structure of Matter. The present knowledge of 
intra-atomic phenomena is in most cases insufficient to 
account for the complex phenomena with which engi- 
neers are concerned, making an empirical approach 
unavoidable. Nevertheless, a rapid progress is being 
made in atomic physics, and new methods and con- 
cepts are being introduced, such as quanta, relativity, 
the matrix theory, the wave mechanics (Broglie- 
Schroedinger), ete., so that engineers working on the 
border-line of physics should keep posted at least on the 
general trend of the progress, introducing new concepts 
and terminology into their work as much as possible. 

Thermionics; emission of electrons from hot ei 
theory and methods of measurement. 

Transient Phenomena; although the theory of many 
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transients has been thoroughly investigated, yet there 
are many others of greater complexity or of shorter 
duration, for which we have neither a satisfactory 
theory nor proper recording devices. 

Vacuum Technique. More and more electrical mea- 
surements have to be performed in a high vacuum or 
under reduced pressure, and it is of importance to 
continue developing pumps, pressure gages, tempera- 
ture and moisture control, elimination of impurities, 
etc., to make such measurements simpler and more 
accurate. 

Waves and Surges along wires and in dielectrics 
acquire greater and greater importance both in power 
engineering and in communication work. Their experi- 
mental investigation is for the most part quite difficult, 
for they are transients in time and in space, whereas 
our recording devices are stationary and measure 
transients in time only. The theory of such transients 
is also quite involved and requires a knowledge of some 
new and advanced branches of mathematics and 
physics. Nevertheless, the electrical profession as a 
whole will have to develop experts capable of dealing 
with such problems, and a concerted effort should be 
made without further delay, possibly beginning with 
the best colleges of engineering. 
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Wave Mechanics. At the present writing, much of 
theoretical atomic physics is being re-written on the 
basis of the so-called “‘wave mechanics,” introduced 
by de Broglie and Schroedinger. If this point of view 
continues to be successful, the next generation of 
engineers may have to deal with concepts entirely 
different from ours. Even such well-established prin- 
ciples as electronic orbits within an atom, begin to be 
looked upon as mere abstractions of the human mind 
rather than physical realities. For a general exposition 
of this theory see H. F. Biggs, “Wave Mechanics,” 
Oxford University Press, 1927; K. K. Darrow, The Bell 
System Technical Journal, 1927, Vol. 6, p. 653; W. F. G. 
Swann, Journal of Franklin Institute, 1928, Vol. 205, 
pp. 3238 and 519. 

X-Rays. Theimportance of X-rays in various indus- 
tries increases each year, so that many more electrical 
engineers should become familiar with the theory of 
these particular radiations, as well as with the handling 
of the apparatus and specimens. Moreover, X-rays 
are proving to be a powerful means of studying the 
structure of matter, and the constitution of the atom, 
particularly in its inner parts adjacent to the nucleus, 
which latter remains the least known part of the atom. 

VLADIMIR KARAPETOFF, Chairman. 


High-Frequency Measurements 


ANNUAL REPORT OF THE COMMITTEE ON INSTRUMENTS AND MEASUREMENTS* 


To the Board of Directors: 

The Committee on Instruments and Measurements is 
at present studying several pertinent phases of electrical 
measurements through standing subcommittees as 
follows: 

1. Measurements of Variable Power and Large 
Blocks of Energy 

2. Dielectric 
Measurements 

3. Measurement of Non-electrical Quantities by 
Electrical Means 

4, High-Frequency Measurements 

5. Remote Metering 

The present status of these is as follows: 


Power Loss and Power-Factor 


VARIABLE POWER AND LARGE BLOCKS OF ENERGY 

This subject was covered in the report of the com- 
mittee for 1925-26. Additional matter for future report 
is being collected by the subcommittee under the 
chairmanship of Mr. T. E. Penard- 


DIELECTRIC POWER LOSS AND POWER FACTOR 

This subject was covered’ by symposium at the 
Niagara Falls Regional Meeting of the Northeastern 
District, May 1926. Additional matter is submitted 
in the following report by Mr. H. Koenig, subcommittee 
chairman. 

In May 1926, a symposium on dielectric loss and 
power factor measurements was held at Niagara Falls. 
The symposium was called for the purpose of recording 
the then well-known methods of taking such measure- 
ments, probably as the first step toward standardizing 
such tests. 

It is a difficult matter, of course, to determine just 
how effective the symposium was. It was the feeling 
of those who presented papers describing the various 
methods of making dielectric loss and power factor 
measurements that there was little hope of standard- 
izing on any one method. The symposium did serve, 
however, to clear the atmosphere about these measure- 
ments and to point out the advantages and disadvan- 
tages of each method. It was also indicated at that 
time that a scheme for calibrating and checking the 
various methods now in use would beof greatadvantage. 

Since the symposium, there have been two known 
advances in the line of checking dielectric loss equip- 
*COMMITTEE ON INSTRUMENTS AND MEASUREMENTS: 
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ments, particularly in the tests of underground cable. 
The first is the calorimeter method which was brought 
out in the discussion at the symposium by Mr. E. S. 
Lee of the General Electrie Company. The second is 
the use of standard loads which have been developed 
at the Electrical Testing Laboratories. To the best 
of my knowledge, the only checking by the calorimeter 
method has been done by the General Electric Com- 
pany in their own laboratories. A paper entitled 
A Thermal Method of Standardizing Dielectric Power 
Loss Measuring Equipment, by Messrs. J. A. Scott, H. 
W. Bousman, and R.R. Benedict, (A. I. E. E. QUARTERLY 
TRANS., July 1928) was presented at the Baltimore 
Regional Meeting of the Middle Atlantic District, April 
1928, describing further comparisons using this method. 

During the spring of last year a set of standard loads 
developed at the Electrical Testing Laboratories was 
used in an intercheck covering ten cable factories in the 
eastern part of the country. The result of this inter- 
comparison was very satisfactory. It is hoped that 
some time in the near future a paper covering the tests 
will be written. 

All other developments have been along the line of 
improving the technique- of making measurements 
rather than the introduction of new circuits or methods. 
Neither has there been any further effort along the 
lines of standardizing on the method of testing. 

Numerous articles have been published in some of the 
foreign technical magazines covering dielectric loss and 
power factor measurements. No new methods have 
been suggested nor have radical changes been made in 
the methods in use in this country. 

The importance of proper shielding in making dielec- 
tric power loss measurements is becoming more gener- 
ally realized. A paper presented by C. L. Kasson at 
the Pittsfield Regional Meeting of the Northeastern 
District, May 1927, entitled High-Voltage Measure- 
ments on Cables and Insulators,: emphasized the neces- 
sity of proper shielding. The subcommittee is plan- 
ning to hold a symposium on this subject in the spring 
of 1929 dealing with the general subject of shielding 
both in dielectric power loss and other measurements. 
Non-ELECTRICAL QUANTITIES BY ELECTRICAL MEANS 

This subject was reported in a paper by P. A. Borden 
published in the TRANSACTIONS of the A. I. E. E., Vol. 
XLIV (1925), p. 238, together with an accompanying 
bibliography. The compilation of the bibliography 
has been continued by Mr. Borden, a second supple- 
ment having been published with the report of the 
Committee on Instruments and Measurements for 


Zz 4. A.LE.E. Trans, Vol. XLVI, 1927, p- 635. 
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1926-27. A third supplement of the bibliography is 
attached to this report. 

A study of the range of subjects in this bibliography 
shows the ever-increasing extension of the measure- 
ment of non-electrical quantities by electrical means. 
The number of the articles being published at present 
on this subject is too extensive for Mr. Borden to 
continue their compilation. Instead, a series of papers 
or lectures on the various subjects involved will be 
presented before the Institute. The lecture by Dr. 
C. A. Heiland on ‘Geophysical Methods of Prospect- 
ing” given at the Summer Convention, Denver 1928, 
is the first of this series. 


HIGH FREQUENCY MEASUREMENTS 


This subject was thoroughly treated in a symposium 
at the Pittsfield Regional Meeting of the Northeastern 
District, May 1927, a résumé of which was given in the 
report of the Committee on Instruments and Mea- 
surements for 1926-27. Due to the wide interest 
in this subject and the rapid change in technique it was 
thought desirable to have a member act as liaison 
officer with the I. R. E. Committee on the Determina- 
tion of Circuit Constants. TheI. R. E. Committee has 
prepared a list of references containing the various 
types of measurement and in addition has developed 
new methods particularly with reference to the measure- 
ment of inductance of several hundred henries such as 
found in audio frequency transformers and choke coils 
both with and without superposed direct current. 
The report of this work is to be published. Professor 
H. M. Turner, subcommittee chairman, has been active 
in this work. 

i REMOTE METERING 

The following report prepared by Mr. E. J. Rutan, 
subcommittee chairman, gives the results of answers to 
questionnaires relative to the present status of this 
subject. 

The Instrument and Measurements Committee sent 
out questionnaires for the purpose of obtaining informa- 
tion on remote metering equipment now in use. These 
questionnaires were sent to a number of representative 
electric power companies, railroads, manufacturers, and 
_ public utility holding companies located both in this 
country and in Canada. Froma total of 108 inquiries, 
76 replies have been received as listed in Table I: 


TABLE I 
Number of 
Group Classification Replies 
A Electrical Transmission of Electrical Measure- 
REST AT oo id Sette aos Otis ote ae ad oa 31 
B_ Electrical Transmission of Mechanical Measure- 
PABOEERG Oc ..5 Xi 3 3. Hea Mls Se eke 10 
C Remote Metering Equipment in Use, no Data 
RR ht Pn a's) oad ol ree aeoiaetons we aloe kre eee 3 
D_ Prospective Users of Remote Metering Equip- 
MAGNE see oe i «ss hia oe doers teen 6 
E No Remote Metering Equipment in Use........ 26 
Total’ cickte tests vasa Aes 76 
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The purely electrical remote metering systems, as 
reported in the replies in group “A,” can be classified 
into the ten distinct systems given in Table II. 

TABLE II 
CLASSIFICATION OF Remotr Murerinc Systems 
Voltage 6. Potentiometer 
Impulse 7. Frequency 
Position (induction) 8. Impulse Condenser 
Inverse Current 9. Contact Integration 
Current 10. Thermal Converter 

Referring to a paper on the Automatic Transmission of 
Power Readings, by B. H. Smith and R. T. Pierce, 
presented at the Midwinter Convention in Philadelphia, 
February 1924, it will be noted that the first seven types 
of systems listed in Table II were described in that 
paper. In the discussion that followed, the thermal 
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converter type was also mentioned. The two systems 


not mentioned in the paper are not necessarily new. 
The contact integration system was mentioned in five 
replies and the impulse condenser was mentioned 
in two replies. Judging. from the replies to the ques- 
tionnaires, no new fundamental remote metering devices 
or systems have been developed since the presentation 
of the paper by Messrs. Smith and Pierce. Thesystems 
described in that paper will be given only a brief general 
description here but the other three systems will be 
described more in detail. 

An attempt has been made to give an idea of the 
characteristics of operation and the accuracy of each 
method as it was reported. This was done in spite of 
the fact that nearly all of the users of remote metering 
equipment were compelled to report the performance 
of their systems under widely varying conditions. 
Certain systems whose inherent characteristics render 
them inaccurate due to interference from outside 
sources, can be made more reliable by the proper instal- 
lation and shielding of the transmission line. It may 
also be noted that while the transmitter is often suf- 
ficiently accurate the receiver chosen to operate with it 
necessarily limits the accuracy of the system. This may 
cause the reported accuracy to be low, while a more 
accurate receiver would result in a more favorable 
reply. The importance of this point is evident when 
it is realized that many systems are classified according 
to the type of transmitter used without reference to the 
type of receiver. It is evident, then, that more definite 
information is needed to reconcile many of the appar- 
ently contradictory replies. 

No attempt has been made to summarize the first 
cost and maintenance as no definite figures were given, 
and the replies received were evidently based upon the 
correspondent’s limited knowledge of only a few of the 


‘ systems in use. 


1. Voltage. In this system the voltage supplied to 
the receiver is varied by a potentiometer which is 
operated by an instrument measuring the quantity 
desired. Some types are varied by a Kelvin balance or 
relay type graphic meter. The indications are trans- 
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mitted over supervising wires, pilot wires, or pressure 
wires to a voltmeter type indicating or graphic meter. 

The chief advantage of this system is its simplicity. 
Obvious disadvantages are its sensitiveness to changes 
in line resistance and the necessity for close regulation 
of the supply voltage. 

A few companies reported the reading of voltage 
directly over distances from a few hundred feet to two 
miles. 

2. Impulse. This method seems limited to-watthour 
type meters in which impulses proportional to the 
speed of the meter are sent out to receivers where 
polarized relays actuate an escapement. Dials geared 
to the escapement record the power being measured. 

This method has the advantage of being positive in its 
action and quite independent of line conditions. The 
distance over which this system may be used seems to 
have no definite limit, the greatest reported distance 
being 200 miles. Some disadvantages are the intricate 
type of receiver necessary, a delicate transmitter which 
is likely to introduce errors, and the possibility of being 
affected by static disturbances. The reported ac- 
curacy seems to range from “fair” to plus or minus one 
per cent of full scale deflection. 

3. Position. This method employs two similar 
a-c. induction motor units in which the rotor of the 
receiver closely follows the movements of the rotor of 
the transmitter. 

This system is very simple and requires little or no 
attention. It is also very reliable, positive in action, 
and comparatively independent of line conditions. The 
line resistance limits the distance over which operation 
is possible, the limiting resistance being about 3000 
ohms. 

This method has the disadvantage of requiring five 
wires for operation. It is also reported that the trans- 
mitter needs a powerful operating torque, thus making 
it necessary to use more powerful instruments. It is 
sometimes necessary where a number of large receivers 
is connected together, to make use of power amplifying 
relays and motors. 

The reported accuracy of this system as given by one 
manufacturer is two per cent of full scale deflection. 

4. Inverse Current. This method makes use of a 
motor operated rheostat, controlled by the indicating or 
recording meter, which simultaneously adjusts the 
circuit resistance and the counter torque on the instru- 
ment. The receiver is a recording or indicating am- 
meter which receives current inversely proportional to 
the load. 

An outstanding advantage of this method is the ease 
with which any number of indications may be totalized 
by connecting the rheostats of each meter in series. 
The resultant current is then inversely proportional to 
the total load. 

The chief disadvantage lies in the complicated design 
and wiring necessary. The precision is also reported 
as being low or only fair. 
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5. Current Balance. This method is similar to the 
inverse current method except that the rheostat is 
connected to a Kelvin balance type of meter and the 
resultant current is directly proportional to the load. 
The receiver may be an inverted transmitter or an 
indicating or recording ammeter. 

These instruments may be placed in parallel and the 
totalized current is then proportional to the total load. 
This method seems quite widely used, 9 replies reporting 
satisfactory operation of this system. One manu- 
facturer reported 31 users of this system, 5 of whom 
replied to the questionnaire. Seven users of method 
reported transmission distances of at least 3 mi. and up 
to 24 mi. 

The accuracy appears to be good, some stating that 
it depends on the choice of a receiver. 

6. Potentiometer. The potentiometer type may also 
consist of a Kelvin balance type meter which controls a 
motor operated rheostat, but in this case it is the line 
voltage which is varied. The receiver may consist of 
motor operated rheostat controlled by a contact making 
voltmeter; or as reported in one letter, a milliammeter 
is used. 

One of the advantages of this system is that the cal- 
ibration is not materially affected by a change of line 
resistance. Another advantage is that a telephone 
line may be used for transmission. This method was 
reported in use on lines up to 56 mi. in length. The 
accuracy is reported as “fair” and probably depends 
on the choice of equipment. 

7. Frequency. This is a complex system in which a 
Kelvin balance type of meter is made to control the 
frequency of a small a-c. generator. At the receiving 
end a frequency meter is used, calibrated to read load 
power. This system is easily adapted to totalize any 
number of readings. The control of apparatus may also 
be effected. 

This system does not seem suitable for customer 
installation due to its complex nature, involving as it 
does elaborate apparatus and requiring constant at- 
tention. When used by a company that uses and dis- 
tributes large blocks of power over considerable dis- 
tances, the excellent results that are obtained would 
seem to warrant its installation. 

8. Impulse Condenser. In this novel system, contacts 
on several meters are momentarily made to connect a 
condenser to a charging circuit, and the receiving in- 
struments perform a measurement upon the rate of dis- 
charge of this condenser through a resistance. This 
system was used over lines 314 mi. long. 

The accuracy of this system seems to be low. The 
information received for this method is meager, but little 
seems to be said in its favor. 

9. Contact Integration. This system may consist 
of contacts operated by a watthour meter, wherein the 
total number of contacts made over the system is 
totalized on a recording instrument, or the contacts 
made by demand meters are recorded at one point 
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on one instrument. The greatest reported distance of 
transmission was 5 mi., but this range may be extended 
by the use of suitable relays. 

The accuracy of this method seems to depend upon 
the type of transmitters and receivers and the amount 
of local interference. Accuracies from one to two and 
one-half per cent were reported. 

This system apparently gave satisfactory service in 
four out of five reported cases, while the fifth correspon- 
dent reported a failure due to induction from a nearby 
high-voltage line. 

10. Thermal Converter. The important unit in this 
system is known as a thermal converter, and consists 
of two heating elements so connected to the instrument 
current and potential transformers that the temperature 
difference of the two elements is proportional to the 
watts in the metered circuit. Thermocouples are 
placed in this converter in such a manner that the 
“hot” junctions are associated with one heating element 
and the cold junctions with the other. The resultant 
thermoelectric potential is proportional to the dif- 
ference in temperature of the two heating elements 
and is therefore porportional to the watts or power in 
the circuit. It was found possible to design the thermal 
converters to give a linear characteristic over the range 
used, and thus allow the units to be connected in series, 
when it is desired to totalize loads from a number of 
sources. 

The accuracy of this method seems to lie in the 
receiver, which is usually a high-grade recording po- 
tentiometer, when accuracy may be of the order of 
one-half ofonepercent. Thusanullmethod of measure- 
ment is used which practically eliminates any possible 
effect due to changes in line resistance. Indications 
have been transmitted successfully up to 8 mi. over 
telephone and supervisory lines. Other reported ad- 
vantages are the lack of moving partsin the transmitting 
unit and the complete reversibility of the converters. 
This latter feature permits the use of this method on tie 
feeders where a reverse of power may occur. 

This is the only new type of system developed since 
1922 which has come to the attention of the committee. 
Arrangements are being made for the presentation of a 
description of this system before the Institute. 

CONCLUSION 

It is still the feeling of the subcommittee that 
sufficient operational data have not yet been submitted 
to allow conclusions to be drawn as to the accuracy of 
the remote metering systems in use. 

ADDITIONAL SUBJECTS 

In addition to the work being carried on by the stand- 
ing subcommittees as reported above, there are several 
other subjects which the committee are working upon 
as the following: 

System DISTURBANCES 

There is a growing demand for recording instruments 

for switchboard application to record the variation of 
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current, voltage, and power with time during system 
disturbances. In this connection a symposium was 
held jointly by the Committee on Protective Devices 
and the Committee on Instruments and Measurements 
at the New Haven Regional Meeting of the North- 
eastern District, May 1928, at which time two series 
of papers were presented, one describing available 
instruments for making these measurements and the 
other giving the experiences of the operators in the use 
of these instruments. This symposium was under the 
direction of Mr. R. T. Pierce for the Committee on 
Instruments and Measurements. The papers pre- 
sented under the auspices of this committee were: 

Hall High-Speed Recorder, by C. I. Hall* 

Pages from the Hall High-Speed Recorder, by E. M. 
Tingleyt 

Oscillograph Recording of Transmission Line Dis- 
turbances, by J. W. Leggt 

High-Speed Graphic Voltmeter, by A. F. Hamdi and 
H. D. Braley.* : 


REVISION OF ELECTRICAL UNITS 


Following the presentation by Dr. E. C. Crittenden at 
the Summer Convention of the Institute, Detroit, 1927, 
of a paper entitled The International Electrical Units, 
a resolution was presented and passed that the matter 
of the revision of the electrical units should be referred 
to the Committee on Instruments and Measurements 
for their consideration and study. This has been done 
and resolutions have been prepared and transmitted 
to the Board of Directors through the Standards 
Committee, urging the United States Bureau of 
Standards and other foreign national standardizing 
laboratories to undertake the necessary researches to 
eliminate the present discrepancies between the legally 
established electrical units and the absolute units which 
they were intended to represent, and to urge the legali- 
zation of absolute units. 


MEASUREMENT OF CORE LOSSES IN TERMS OF SINE- 
WAVE CorRE LOSSES 


The Committee on Instruments and Measurements 
has been asked to investigate and report on the best 
way to make core loss measurements so that they will 
give accurate sine-wave core losses regardless of the 
wave form employed for excitation. This subject 
is being studied by a working committee under the 
chairmanship of Mr. W. M. Bradshaw. 


DISTORTION FACTOR—DEFINITION AND METHOD OF 
MEASUREMENT 

The Committee on Instruments and Measurements 
has been asked to give consideration to the adoption of 
a definition for distortion factor and methods of 
test, as disclosed in a report of the French Electro- 
technical Commission entitled ‘‘Methods of Deter- 
mining the Distortion of the Voltage Wave of Alter- 


*A. I. BE. E. Quarterty Trans., Vol. 47, No. 1, Jan. 1928, 
tA. I. E. E. Quarreriy Trans., Vol. 47, No. 4, Oct. 1928, 
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nators.” This matter is being considered by a working » 
committee under the chairmanship of Mr. W. M. 
Bradshaw. 
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ANNUAL REPORT OF COMMITTEE ON COMMUNICATION* 


To the Board of Directors: 

The Committee on Communication submits the 
following report as a summary of the progress which 
has been made in the electrical communication art dur- 
ing the past year. 

PRINTING TELEGRAPHS 


There has been continued growth in the use of 
printing telegraph instruments. In addition to the 
applications for police service mentioned under another 
heading, the volume of commercial message and similar 
traffic handled by such instruments shows a steady 
gain, both on long and short circuits. As an example 
of the latter, it may be noted that more than 800 
circuits connecting main and branch officers of the 
telegraph companies are now equipped with printers. 

The tendency to reduce manual operations as much 
as practicable has been quite pronounced in ocean cable 
telegraphy during recent years. As a result, printing 
telegraph equipment is now employed on both long and 
‘ short cables in many cases. Recent developments in 
this direction were described in a paper entitled Printing 
Telegraphs on Ocean Cables which was presented by 
H. Angel at the 1927 Summer Convention of the 
Institute. 

The automatic tape transmission system for tele- 
graph tickers which was mentioned in the 1926 and 1927 
reports has been further extended during the past 
year, so that full market quotations are now available 
to practically all sections of the United States. 


TELEGRAPH REPEATERS 


Many of the repeaters now used on long telegraph 
circuits, both in land line and ocean cable service, are 
of the regenerative class. In such repeaters, automatic 
means are employed to retransmit practically perfect 
signals although the received signals may be so badly 
distorted that with earlier forms of repeaters the re- 
transmission would be far from perfect. A description 
of one type of regenerative repeater and an outline of 
operating experience with it was given in A. F. Con- 
nery’s paper on A Non-Rotary Regenerative Telegraph 
Repeater presented at the 1927 Summer Convention. 

Rather important advances have been made in the 
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simplification of circuit and equipment arrangements for 
telegraph repeaters installed in central telegraph offices. 


TELEGRAPH TRANSMISSION THEORY 

A paper entitled, Certain Topics in Telegraph Trans- 
mission Theory was presented at the Winter Convention 
of the Institute by H. Nyquist. In addition to pre- 
senting a quantitative statement of certain fundamental 
telegraph requirements, this paper presented for the 
first time an analysis of the fundamental problems 
involved in single sideband carrier telegraph trans- 
mission which may offer important economies in fre- 
quency range under some conditions. 


CORD CARRIERS FOR TELEGRAMS 


For some years past, most large telegraph offices 
have been equipped with mechanical conveyors, 
usually of the moving belt class, for the transfer of 
telegrams from one part of the operating room to 
another. A multiple cord carrier system has recently 
been developed which is proving very satisfactory for 
such conveying service. Where delivery to two or 
more points is necessary, the cord carrier equipment 
costs much less than the equivalent flat belt equipment. 
The power required to operate a three-channel cord 
system is no greater than that needed by a single- 
channel flat belt. Other advantages of the cord 
equipment are increased speed, reduced maintenance 
expense, minimum interference with lighting, and com- 
plete visibility at all points, thus facilitating inspection. 


DIAL TELEPHONY 

The rapid application of dial telephone systems has 
continued. During the year, about 500,000 dial tele- 
phone stations were installed, bringing the total in 
service in this country, as of the first of January 1928, 
to approximately 2,900,000 stations or about 16 per 
cent of the total telephones in service. 

A paper entitled Some Recent Developments in Dial 
Systems, by W. E. Farnham and H. M. Bascom, was 
presented at the Student Branch Convention and 
Sectional Meeting in New York in April of this year. 

The dial system of operation has been extended to 
service from one suburban point to another suburb of 
the same city. This matter was discussed in a paper 
entitled, Tandem System of Handling Toll Calls in and 
About Los Angeles, by E. Jacobsen and F. D. Wheelock, 
which was presented at the 1927 Pacific Coast 
Convention. 


TOLL TELEPHONE SERVICE 


During the year, telephone toll service was established 
between the United States and a number of important 
cities in Mexico, including Mexico City, Tampico, 
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Monterey, Saltillo, San Luis Potosi, Puebla, and others. 
The service was inaugurated by an exchange of greetings 
between President Coolidge and President Calles at the 
capital cities of the two republics over a circuit 3360 
mi. long. The service from Mexican points. was 
further extended to points in Canada by the end of 1927. 

The various connections of the United States tele- 
phone network to important cities in Canada were 
augmented during the year by the completion of a cir- 
euit from Bismarck, North Dakota, to Regina, the 
capital of Saskatchewan. 

A substantial improvement was made in the handling 
of toll calls, especially by increasing the percentage 
which are handled while the subscriber remains at the 


_ telephone. 


TELEPHONE TOLL CABLES 

The extension of the network of toll telephone cables 
throughout the country continued at an increased rate 
during the year 1927, about 2000 mi. of cable being 
installed. Important additions included the com- 
pletion of a route from Albany to Cleveland through 
Syracuse, Rochester, and Buffalo; the extension of the 
cable south of Washington to Petersburg, Virginia; and 
an extension from Chicago to Terre Haute, Indiana. 
In addition, a toll cable between Buffalo and Hamilton 
is approaching completion and another between Toronto 
and Oshawa is being started. This supplements the 
existing Toronto-Hamilton cable and provides a con- 
nection between the toll cable system in Canada and 
the great system in the United States. 

- At the present time, 7,500,000 telephones of the Bell 
System have direct access to the toll cable network in 
the northern and eastern parts of the country which 
provides within that area toll service which is relatively 
immune from the effects of storms. 


PLANNING EXTENSIONS TO TELEPHONE PLANT 


The problems involved in the planning of telephone 
plant and descriptions of the telephone plant in various 
regions were discussed in a number of papers presented 
at Institute meetings. The principal papers were as 
follows: Advance Planning of the Telephone Toll Plant, 
by J. N. Chamberlain, presented at the Pacific Coast 
Convention; Telephone Toll Plant in the Chicago Region, 
by Burke Smith and G. B. West, presented at the 
Chicago Regional Convention; and Planning Telephone 
Exchange Plants, by W. B. Stephenson, presented at 
the St. Louis Regional Meeting. 


COMMUNICATION APPARATUS AND MATERIALS 


The application of permalloy to communication 
problems continued during the year. Interesting 
information regarding this material was given in a 
paper entitled, Manufacture and Magnetic Properties 
of Compressed Powdered Permalloy, by W. J. Shackleton 
and I. G. Barber, which was presented at the Winter 
Convention. 

A paper entitled, Recent Developments in the Process of 
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Manufacturing Lead-Covered Telephone Cable, by C. D. 
Hart, was presented at the Chicago Regional Meeting. 


ELECTRICAL TRANSMISSION OF PICTURES 


While no new stations have been added to the tele- 
photography network of the Bell System (Boston, New 
York, Atlanta, Cleveland, St. Louis, San Francisco, and . 
Los Angeles), interest in the service is increasing greatly 
and it is becoming much more important to the press. 


TELEVISION 

At the last annual meeting in New York a talk on 
television was given by Dr. H. E. Ives, followed by a 
demonstration at the Bell Telephone Laboratories. 
A symposium on television at the Detroit Summer 
Convention was led by Dr. Ives and also was followed 
by demonstrations. The symposium included notable 
papers entitled: The Production and Utilization of 
Television Signals, by F. Gray, J. W. Horton, and R. C. 
Mathes; Synchronization of Television, by H. M. Stoller 
and E. R. Morton; Wire Transmission of Television, 
by D. K. Gannett and E. I. Green, and Radio Trans- 
mission of Television, by E. L. Nelson. 


CARRIER-CURRENT AND SUPERIMPOSED SYSTEMS 

During the year there was a marked increase in 
the use of carrier-current systems in commercial tele- 
phone and telegraph plant, including a new system of 
a simplified nature which provides a single channel and 
is applicable economically to distances as short as 75 
mi. The total length of carrier telephone circuits added 
during the year was approximately 65,000 channel mi. 

In the application of carrier telegraph arrangements 
over 125,000 two-way channel miles were added to the 
Bell System during the year. This includes channels 
obtained from open-wire facilities by carrier frequencies 
above the voice range as well as voice-frequency carrier 
telegraph channels obtained from circuits in long toll 
cables. The increase is approximately evenly divided 
between the two types. 

The application of carrier-current telephony to 
communication over power lines has increased steadily 
until, at the present time, there are in this country 
alone, 298 fixed stations in operation. Recent im- 
provements in these systems have been along the lines 
of interconnecting them with private telephone systems. 
Portable and semi-portable carrier communication 
apparatus is being successfully used in conjunction 
with fixed stations. The large majority of these 
installations provide duplex operation, each system on 
a single frequency. The transmitter output is in the 
order of 50 watts, in the majority of the fixed installa- 
tions; this power is proving adequate for usual con- 
ditions. As the demands for increased channels are 
made, the need of reducing the width of the communi- 
cation channel without sacrificing understandability 
becomes more imperative. 

Utilization of carrier current for other than com- 
munication purposes is rapidly increasing. The appli- 
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eations are for contro! of street hights, pilot protection 
of transmission circuits, supervisory control of sub- 
stations and Similar equipment, telemetering, eic. 

Certain power companies are now using devices to 
operate graphic indicating meters at a distance, by 
means of dc. impulses carmmed over signal circuits. 
By this arrangement, an operating supervisor or system 
operator may see at any moment the amount of power 
that is being fed into the system from generating 
points located at various places im the area covered by 
the power system. The total load taken by a town or 
city at same point may ako be recorded at the system 
operating center. 

Some recent developments in carmer current and 
other superimposed systems were described im the 
following papers presented at Institute meetings during 
the year: 

The Use of High Frequency Currenis for Conirol, by 
C. A. Boddie, Summer Conyention 1927. 

A Carrier-Current Pilot Sysiem of Transmission Line 
Projection, by A. S. Fitzgerald, Pacifie Coast Conven- 
tion 1927. 

Coupling Capaciiors for Carrier-Current Applications, 
by T. A. E. Belt, Pacifie Coast Convention, 1927. 


SUPERVISORY ConTROL APPARATUS 

In the power field, elaborate supervisory and control 

ngements are now available by which an operator 
ean control switches or other apparatus ai distant 
poimts, and by means of currents transmitied back 
from the distant point determine the conditions which 
exist there. The Westinghouse Company reports 
that development work is being started on a form of 
sach supervisory control apparatus, which is of interest 
in the communication field as it is mtended to operate 
at frequencies in the voice range which can be trans- 
mitted over telephone circuits. The work has not 
yet reached the point where the possbilities and imi 
tations of the system can be determined. Demonsira- 
tions of a prelimimary model of the apparatus under 
the mame “Televox” have, however, creaied con- 
Siderable popular interest from the fact that the opera- 
tion of such an arrangement over telephone circuits 
can be thought of as Smulating conversation between 
persons. 

TRANSATLANTIC RapDIO TELEPHONY 

The openmg of tranmsilantic telephone service 
between the United States and England was covered in 
last year’s report. The service was improved by the 
completion of a radio receiving station at Cupar, 
Scotland, which is located as far north as 
possible for the purpose of reducing interference caused 
by atmospheric disturbances. 

The time during which service normally is available 
has now been extended to 1414 hr., the period of service 
extending from 5.30 a. m. to 8.00 p. m., eastern standard 
time. The service was extended to Cuba and to five 
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cities in Canada as well as to various cities of Con- 
2 mapaglees sear 

The outstanding event which took place during the 
period covered by this report was the holding of a 
joint meeting of two organizations on opposite sides of 
the Atlantic for the first time im history. This was a 
joint meeting of the Institute during the Winter Con- 
vention in New York with the British Institution of 
Electrical Engineers in London. 

Preliminary to the joint session, a paper entitled, 
Transatlantic Telephony—The Technical Problem, was 
presented by O. B. Blackwell, and a paper entitled, 
Transailantic Telephony—The Operating Problem, was 
presented by K. W. Waterson. ¢ 

The joint session was preceded by the opening of ; 
communication from New York by Mr. Charlesworth — 
who spoke to Colonel Lee in London. The telephone ; 
was then turned over to President Gherardi and to ~ 
President Page of the British Institution of Electrical ~ 
Engineers. After an exchange of greetings, brief i 
addresses were given by Dr. F. B. Jewett and General — 
John J. Carty from this side of the water and by Colonel — 
Purves and Sir Oliver Lodge from London. 

At various times during the year the transatlantic 
telephone service was discussed at a number of sectional 
meetings. 

INTERNATIONAL RADIO CONFERENCE 

The International Radio-Telegraph Conference held 

in Washington in 1927 achieved several very important 


mainly with a view to facilitating the use of radio In 
had been written, the use of radio had expanded to 
telephone as well as telegraph service and the field had 
widened to embrace in addition to the marine communi- 
cation services, aids to navigation such as compass and 
beacon, aircraft and other new mobile services, pomt- 
broadcasting. The new agreement had to apply to — 
this much wider field of use without hampering the — 
progress and development of the art. The most im- 

portant achievements were the following: . 

The agreement on the assignment of frequency bands 
for services in the whole radio spectrum. 

The recognition of the fact that every type or method 
of transmission of necessity occupies a definite fre- 
quency band or channel. 

The agreement that interference to other services is 
the controlling limitation put upon the method of using 
a frequency channel. 

The recognition of the amateur status in the inter- 

The progressive suppression of the use of damped 
waves. No new installations using damped waves may 
be set up for land and fixed stations and the use of such 
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waves at existing stations is forbidden after January 
1, 1935. On ship and aircraft stations, new damped 
wave installations may be made only if such apparatus 
uses less than 300 watts on full power, and the operation 
of these damped wave installations is forbidden after 
January 1, 1940. Thus in 12 years the history of 
damped waves will close. 

The agreement upon the use of an automatic alarm 
signal in the marine service. Reiss 

The setting up of an International Technical Con- 
sulting Committee. 


RADIO BROADCASTING 


Comparisons of results obtained by operating a 
broadcasting station with power outputs up to 100 kw. 
have established, fairly definitely, the essentials of this 
important subject. 

Of considerable importance in connection with the 
performance of a high-power broadcasting station is the 
choice of site. Some locations are appreciably better 
than others, which indicates need of careful investi- 
gations before choosing a site. 

Utilizing high-power tubes which recently became 
available, a 100-kw. transmitter has been developed 
which combines the essentials of all modern practises. 

Since the previous report of this committee was 
made, two commercial 50-kw. broadcasting stations have 
been placed in operation. 

Short-wave broadcasting and re-broadcasting in 
the U.S. and foreign countries has developed gradually 
with considerable recent improvements. These are 
mainly due to the utilization of sufficient power to 
provide dependable service and to improvements in the 
reception of short waves which have been almost 
exclusively used for this purpose. 

Recent demonstrations of transmissions and recep- 
tions of both still pictures (facsimile) and moving objects 
(television), utilizing broadcasting transmitters, have 
indicated the probable future extensive application 
of these features to the present broadcasting service. 


OTHER RADIO COMMUNICATION 


During 1927 short wavelengths were first utilized 
to provide a commercial service designed to maintain 
contact between the home office and ships making 
around-the-world tours. Such a service was applied 
also to ships plying between the United States and the 
far East where the distances are very great. 

The percentage of long distance communication 
handled by short waves increased further during 1927. 
In the United States there were installed on several 
long distance radio circuits, the Radio Corporation of 
America’s projector system. This system has been in 
use a sufficiently long period to demonstrate that it is a 
large factor in making it possible to obtain an economi- 
cal long distance radio communication service. This 
projector system includes not only directive trans- 
mission but also directive reception. The directive 
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reception differs from the transmission in that several 
receiving antennas directive in themselves, are spaced 
in such a manner as to eliminate the momentary fading 
which previously had so limited the use of short waves. 
With this method of receiving short waves it is possible 
to obtain a record so free from mutilation as to be 
practically perfect. Thus, in a way not anticipated 
some years ago, there has been accomplished the elimi- 
nation of the effect of static. 

The development and application of radio trans- 
missions to aid in guiding aircraft has made rapid 
progress during the year. 

Railroad train radio telephone equipment has been 
developed for front-to-rear communication on long 
freight trains. The apparatus provides telephonic 
communication and call signals between the locomotive 
and the caboose under all conditions whether the train 
is standing or in motion, and even when the train is 
broken if the separation does not exceed four or five 
miles. A four months test of the equipment was 
recently successfully completed on the James River 
Division of the Chesapeake and Ohio Railroad. 

For cases in which the expense of the above mentioned 
telephone system cannot be justified, a signal system of 
lower power has been developed for service between 
front and rear of long freight trains. It provides only 
for call signals and telephonic communication is not 
possible. In operation a cord similar to a whistle cord 
is pulled, and a loud high-pitched signal is produced at 
the opposite end of the train. The range of this system 
is not over four miles. 

Radio telephone equipment for railroad hump-yard 
service has been developed to facilitate the classification 
of freight cars at congested terminal points. The 
apparatus is similar to the train radio-telephone 
equipment, except that it is of lower power. The 
apparatus provides one way telephonic communication 
between the yard-master’s office and any locomotive 
in the yards. The apparatus is operated the same as 
any telephone, and its range is limited to about two 
miles. 


SOUND REPRODUCTION 


Improvements were made in the design of loud- 
speakers as regards efficiency, power, and uniformity 
over the speech frequency range. Some of the ad- 
vances in design by which these improvements have 
been obtained were discussed in a paper entitled, 
Loud Speakers of High Efficiency and Load Capacity, by 
C. R. Hanna, presented at the Winter Convention, 
(A. I. E. E. Quarterly TRANs., Vol. 47, April 1928) 
and ina paper entitled, “‘A High Efficiency Receiver for 
a Horn-Type Loudspeaker of Large Power Capacity,” 
by E. C. Wente and A. L. Thuras which was published 
in the Bell System Technical Journal for January 1928. 

A paper entitled, Electrical Reproduction from Phono- 
graph Records, by E. W. Kellogg, presented at the 
Detroit Summer Convention, discussed some interesting 
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mechanical and electrical problems encountered in the 
development of improved reproducing devices. 
FIRE AND POLICE SIGNAL SYSTEMS 

Further refinements of apparatus have been intro- 
duced in fire alarm systems during the past year. Im- 
proved automatic repeaters have recently come into 
use, the operation of which closely accords with the 
rules of the National Fire Protection Association re- 
quiring complete non-interference between coincidental 
signals, so that succession devices in street boxes will 
function, whether the boxes are on the same or on 
different circuits of the system. 

In a new type of puncturing register the paper 
punchings are folded under instead of being detached, 
thus climinating much objectionable paper dust; the 
instrument requires less power for its operation and 
runs at a higher speed than earlier registers. 

Another improvement is the use of radio for com- 
municating from fire alarm headquarters to moving 
apparatus, such as fire chiefs automobiles or fire boats. 
Boston has had such a broadcasting station for the past 
two years. It operates on a short wave, and has been 
found highly effective in sending orders to fire boats 
when absent from their regular berths. New York 
has recently experimented with a similar system. 

In police signaling, an important development is 
the increasing use of telautographs and telegraph 
printers for interstation communication. These sys- 
tems have been found useful in quickly and accurately 
spreading the news of hold-ups, automobile thefts, 
and other crimes. They have been found especially 
valuable where used in connection with the flashlight 
system of calling the patrolmen to the street signal 
boxes. A rather extensive imstallation of printing 
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telegraph instruments made during the past year for 


the. New York Police Department illustrates the 
expansion of service of this character. This system 
is so arranged that an operator at headquarters may 
send signals from a keyboard to any one precinct, to 
any group, or simultaneously to all precincts, the 
messages being printed automatically in page form at 
receiving machines placed close to the desks of officers 
in charge of precincts. Facilities are provided so 
that the receipt of the message may be acknowledged 
by each station. Another interesting system of this 
kind is in Connecticut, where police headquarters in 
twelve important cities are interconnected by telegraph 


printer circuits. It is expected that by the end of 1928. 


the system will be so extended that practically all of 
the cities in the state will be covered. 

Several conflicting tendencies. satsuaad ae 
signaling, particularly with respect to the colored 
lights or equivalent devices employed. While the 
green-amber-red cycle of signals has been adopted by 
many cities, others have favored either more or less 
complex arrangements. Centralized control of the 
street signals is being extended and while difficulties 
are experienced in so synchronizing operations as to 
minimize hazards and delays, it seems likely that this 
problem will ultimately be solved. 

The blinker signals for outlying locations or crossings 
where there is little congestion are quite effective, 
particularly when equipped with Fresnel lenses. The 
gas type of blinker signal, using a tank of compressed 
gas for supplying the light jet has been superseded in 
many cases where electricity is available by a type using 
electric lamps. 

H. W. DRAKE, 


Chairman. 
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Production and Application of Light 


ANNUAL REPORT OF THE COMMITTEE ON PRODUCTION AND APPLICATION 
OF LIGHT* 


To the Board of Directors: 
INTRODUCTORY 


The following report of thé Committee on Production 
and Application of Light, as on former occasions, con- 
sists chiefly of a résuméof themorenotableachievements 
of the year in the art of lighting by electricity. It has 


- been compiled from information supplied by members 


of the committee and by other authorities -in their 
respective fields who have kindly cooperated with the 


- committee. 


Production of Light 
Most developments during the past year in the pro- 
duction of light have taken the form of refinements of 
design and adaptations of existing types of illuminants 
rather than of radically new methods or principles of 
light production. 


INCANDESCENT FILAMENT LAMPS 


Small Multiple Lamps. Within the past year a new 
and smaller 10-watt tungsten filament lamp for 110-, 115-, 
or 120-volt service has been placed upon themarket. This 
lamp has a bulb 13 in. in diameter, designated “‘S-11” 
and a new base termed “intermediate,” which is approxi- 
mately * in. in diameter and 324 in. long, standing in 


’ dimensions between the medium screw base and the 


candelabra base. This is a new size in the group of 
multiple lamps. It has been developed for places 
where physical limitations make the use of lamps of 
previously existing standard types difficult or impracti- 
cable. It is designed to yield an average life of 1500 hr. 
at a rated efficiency of 7.85 lumens per watt. It is 
available in coated bulbs in any of seven colors, the 
coatings being of a nature to withstand outdoor service. 
This lamp is expected to find wide use, especially in 
electric signs of the smaller sizes, in the design of which 
it has been difficult to achieve artistic effects with lamps 
of larger physical dimensions. Other uses to which the 
new lamp lends itself are outdoor decoration as of 
Christmas trees and illumination of small lighted 
ornaments which have recently appeared on the 
market for interior home decoration. It may also 
find application in the extension of cove lighting to 
residences where it has been extremely difficult to adapt 
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this method of illumination due to the physical dimen- 
sions of the lamps heretofore available. 

Another new lamp employing the intermediate base 
has recently been developed and placed upon the market 
in a bulb designated C9-14. This lamp is rated at 
10 watts, 115 volts and is designed to yield an average 
life of 600 hr. at a rated efficiency of 8.95 lumens per 
watt. Itis intended primarily for lighting of Christmas 
trees and is available in coated bulbs in any of seven 
colors. Fig. 1 shows the two new intermediate base 
lamps in comparison with the 10-watt $14 medium 
screw base sign lamp. 

In addition to these new lamps employing the inter- 
mediate base, the 15-watt flame shape bulb decorative 
lamp for 110-, 115-, and 120-volt service, formerly 
fitted with candelabra base is now available also with 
intermediate base. 

A complete line of sockets and adapters for inter- 
mediate base lamps is now upon the market, as well 
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as strings of seven sockets wired in multiple for Christ- 
mas tree and other decorative lighting. 

Very Large Lamps. The successful production of 
incandescent lamps in sizes up to the 10-kw. lamp 
marks a distinct advance in the art of lamp manu- 
facture and prepares the way for even larger sizes if 
they shall be needed. These extremely large lamps 
are manufactured for special purposes such as the 
lighting of aviation fields and motion picture studios. 
These applications are still in the developmental stage, 
though many installations are functioning satisfactorily. 

Projection Lamps. A new development in the 
manufacture of incandescent lamps of the smaller 
sizes for projection purposes is the use of the “‘coiled- 
coil” filament by means of which the over-all dimensions 
of thelight sourceare materially reduced, an object which 
is much sought in light projection. The resulting 
increase in uniformity and intensity of screen illumina- 
tion has been a considerable factor in the growing popu- 
larity of home motion picture projection. 

In certain types of concentrated filament lamps for 
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ght projection, more accurate and automatic position- 
ing of the filament is attained through the use of a pre- 
focused base consisting of a separate sleeve attached to 
an unthreaded base shell after the lamp has been other- 
wise finished. 

The over-all dimensions of filaments of 750- and 
1000-watt lamps for general service have been reduced 
in the interest of improved accuracy of light projection 
in flood lighting and of better distribution mm the case of 
high-mounted industrial reflectors. 

Street Railway Lomps. Two new lamps im inside 
frosted bulbs have been made available during the past 
year for street railway service. One of these is a 36- 
watt vacuum type coiled filament lamp designed for 
operation five in series on cireuits of from 525 to 650 
volts. The other is a low voliage, gas-filled lamp 
—— for operation at 30 volis per lamp, with 
ximately 20 lamps in series on the street railway 
This lamp has a special device Incorporated in 
the lead-in wires by means of which the circuit is re- 

blished in case of the failure of the lamp filament. 
Being designed fiw iow voliaae! etait 
relatively short and heavy filament and is therefore 
relatively sturdy; being of the gas-filled type and having 
a cinkaeainae heavy filament, its ight output per 
watt consumption i 40 to 50 per cent ereaiex than tat 
of the clear bulb, straight filament, vacuum type lamp 
designed for lke service. 

New Lorge Bases. In order to strengthen the at- 
tachment of the base to the bulb im the case of certain 
of the very large sizes of lamps, a Mogul serew base has 
been developed which, im addition to the cemented 
joint, has a mechanical clamp around the neck of the 
bulb. 

For heavy current lamps taking more than 25 amperes 
and operating in the base down position, there has been 
standardized a two-prong base which is designed to 
overcome heating difficulties due to current density 
and contact resistance experienced with former types of 
bases. 

Short Cireuiting Device. To extinguish the are which 
may be formed upon the failure of the filament in the 
smaller street series lamps and io maintain a dosed 
series circuit, the lead-in wires have been brought into 
close proximity for a certain distance. If the are 
travels along the lead wires the globules of metal on 
the ends of the two wires unite and short cirenit the are 
before it has an opportunity to damage the base of 
the lamp and the socket. 

Carbon Lamps. Though the use of carbon filament 
lamps shows a decrease each year, the numbers of these 
lamps which are still in service and the numbers which 
are sold each year are very large. Carbon lamps seem 
to be particularily popular in colored bulbs and in bulbs 
of special decorative or novelty types. For purposes of 
illumination their use is, of course, uneconomical, but 
for decorative use they appear to meet 2 certain small 
demand. 
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Operating Voliages. The standardization of lighting 
circuit voltages continues to show progress from year 
to year. It is estimated by the lamp manufacturers 
that at the present time in this country 94 per cent of 
the population within reach of electric service is in 
territories served by some one standard voltage (110, 
115, or 120) and that more than 99 per cent is within 
territories served by one or more than one standard 
voltage, leaving only a fraction of one per cent distrib- 
uted among the odd voltages between 100 and 130. 
The voltage used most generally is 115. It is estimated 
that 59 per cent of the population within reach of elec- 
tric service is provided with electricity at this voltage. 

SEARCHLIGHTS 


The trend of development of military searchlight — 


design since the war has been toward greater beam 
candlepower, lighter weight, greater mobility, and im- 
proved methods of control. There were two important 
developments in 1927. 

One of these was the incorporation in the searchlight 
unit of a comparator system which makes it possible 
for the searchlight to be guided from a distance by 
accurate data transmitted electrically from a sound- 
locator station to the searchlight station. In anti- 
aircraft defense the pointing of the searchlight at the 
target is thus greatly facilitated. 

The other development was the successful produc- 
tion of a 60-in. mobile searchlight unit employing a 250- 
ampere high intensity arc operated by a 25-kw. generat- 
ing unit, and developing 1,385,000,000 maximum beam 
eandlepower. 


In order to facilitate signaling, searchlights of the 
smaller sizes in the Navy are being adapted to the 
employment of the incandescent lamp. Similar signal- 
ing searchlights using 1000-watt projection lamps have 


unique advantages in the submarine service in that the _ 


pressure on the projection drum may be equalized by 
allowing water to enter the unit. 
Gaszous ConpucTtor LAMPs 

Sign Types. The neon tube lamp for display and 
sign service has grown in popularity during the last 
few years. By the use of various mixtures of gases and 
also by the employment of fluorescent glass tubing a 
number of color effects is obtainable, though some of 
these are not entirely stable at the lowest temperatures 
attained in the northern part of the United States. 
These signs require for operation a relatively high 
voltage and are characterized by a low power factor 
(usually below 50 per cent) when supplied with alter- 
nating current. On the other hand the efficiency of 
light production of the orange-red neon tube sign is 
relatively high and the guaranteed service life is long. 
tube signs tends to promote their use in daytime as well 
as at night. 

Hot Cathode Lamps. The hot cathode neon lamp, a 
very recent development in this field, consists of a glass 
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tube similar in form to that of the mercury vapor lamp 
now in general use, but filled with neon gas. The dis- 
charge through the gas is started and facilitated by the 
heating of the cathode. By this means the voltage drop 
at the electrode is reduced from 250 to 30 volts, making 
possible the operation of the lamp directly on a 115- 
volt a-c. or d-c. circuit. 
electrode disintegration permits the passage through 
the tube of a comparatively large current with a result- 
ant high intrinsic brilliancy and candlepower. It has 
been tried with some success in the illumination of opal 
letter signs, in the marking of pier heads and aviation 
fields and, in the form of a close spiral mounted at the 
focus of a parabolic reflector, as an airway beacon. 
It may be noted that this new form of neon lamp may be 
used in combination with the mercury vapor lamp to 
produce with high efficiency, light which is apparently 


Fig. eae InpDucTION BEACON 


white in color and which is expected to find application 
in color and panchromatic photography. 

Negative Glow Lamps. The negative glow socket 
type neon lamp (known as the G10 indicator lamp) 
which was mentioned in the 1926 report of this com- 
mittee has undergone further development during the 
past year. The present form of this lamp is designed 
for operation on 115-volt a-c. circuits. It consumes 
about one-third of a watt and emits somewhat less than 
one-tenth of a candlepower. Its field of use is primarily 
that of an indicator or night lamp. The corresponding 
lamp for d-c. service is under development but is not 
yet available. 

Television Lamp. A prominent position in the recent 
successful demonstrations of television has been occupied 
by a neon lamp of a type specially designed for that 
class of service. The neon lamp is uniquely adapted 
to that purpose by virtue of its instantaneous response 
to variations of voltage. 
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Induction Lamp. The electrodeless discharge in neon, 
in the form of the induction lamp has recently been em- 
ployed experimentally as a light source for airway bea- 
cons. The bulb enclosing the luminous gas is of clear 
fused quartz about 11% in. in diameter and is mounted 
at the focus of a searchlight reflector. A short wave 
pliotron oscillator mounted in the reflector housing gen- 
erates the high frequency current necessary to excite 
the gas within the bulb. Due to its orange-red color 
the neon induction beacon illustrated in Fig. 2°is said 
to excel in visibility at a distance in both clear and 
foggy weather when compared with other sources’ of 
equal beam candle-power. 


APPLICATION OF LIGHT 
Interior Dlumination 
INDUSTRIAL LIGHTING 


“The year has witnessed advances both as to the 
general standards of industrial lighting and the extent 
to which modern methods are employed. 

The industrial activities referred to in last year’s 
report have undoubtedly secured a wider recognition 
of the value of good illumination in promoting workers’ 
welfare and safety as well as speedy and economical 
production. 

A survey of a considerable number of industrial 
plants on the lines of one of the largest electric ser- 
vice companies showed that on the average the electrical 
energy consumed for lighting approximately equaled 
that used for power purposes. Since this lighting 
service company has been particularly active for over 
a decade in promoting industrial lighting, the lighting 
of these plants is presumably better than would be 
found in most cities. But even allowing for this, the 
results indicate a more intensive use of light than 
would generally have been expected. 

The Department of Labor and Industry, State of 
Pennsylvania, has adopted regulations for emergency 
lighting of places of public assembly and places where 
persons work after darkness. The rules call for an 
emergency illumination of at least half a foot-candle 
on the floor at exit doors, hallways, etc., leading to 
outside building exits, and of at least a quarter foot- 
candle on the floors of auditoriums. Control of the 
supply must function without dependence upon manual 
operation. The source of energy must be separate 
from that of the main lighting system, and when secured 
from outside the building must be supplied by two 
generating stations, an iababast automatic throw-over 
switch being required. 


COMMERCIAL LIGHTING 


Though the past year has been marked by no out- 
standing development in commercial lighting practise, 
it has seen a more widespread application of illumina- 


tion due to a better appreciation of its utilitarian and 


advertising value. While the present practise in the 
majority of stores and offices is to provide general 
illumination with diffusing glass enclosing globes, there 
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is a growing demand for lighting equipment of the semi- 
indirect type. In the main corridors of the newest 
office buildings and in hotel lobbies unique luminaires 
designed along the lines of modernistic art have ap- 
peared. These innovations in design not only provide 
an interesting variation but it is thought that they 
may lead to radical changes in types of commercial 
lighting equipment. 

In the lighting of window displays the tendency has 
been to advance to higher intensities as the level of 
street illumination has risen and as the number and 
brilliance of electric signs have increased. The use of 
colored lighting and the employment of spotlights to 
create striking contrasts have been practised exten- 
sively during the past few years. 

The more general use of color matching units is 
notable. Unfortunately such applications are pecu- 
liarly liable to misunderstanding and misrepresenta- 
tion, both of which have been present to no small degree. 
Practise in artificial daylighting is in need of clarification. 


RESIDENCE LIGHTING 


The Modermstic Trend in Lighting Equipment. For 
several years European artists and designers, notably 
the French, have been striving to develop a style which 
will express twentieth century tendencies. Their 
work has influenced furnishings of all kinds, including 
lighting fixtures. These modernistic fixtures usually 
employ plane rather than curved surfaces and strong, 
pronounced lines. Color is used to advantage and 
there is remarkable absence of unnecessary applied 
decorative bits. Almost without exception exposed 
bare lamps find no place in this equipment. The lamps 
are generally hidden from view, the light being diffused 
by some external medium. 


The modernistic movement is beginning to find its 
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way into American homes and it is to be anticipated 
that it will have considerable effect on home lighting 
practise. Already a number of progressive American 
manufacturers is showing some excellent fixtures in 
this new spirit. Two wall units and a unique table 
lamp of domestic manufacture are illustrated in Fig. 3. 


Use of Light for Ornament. Mention was made in 


last year’s report of the development abroad of artistically. 


lighted pieces of decoration. These lighted ornaments 
infgeneral furnish no useful illumination, but give 
touches of high light in color about a room. They 
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have been very aptly termed “‘the jewelry of the lighting 
installation.” Inthe past year a great number of these 
devices has been imported and sold by the leading shops 
here. The tremendous potential field in America, 
however, cannot be covered by importations, and one 
of the leading American manufacturers has placed 
on the market a line of such ornaments, several of which 
are shown in Fig. 4. 

Residence Wiring. The increasing cost of residence 
wiring and the growing tendency toward unreasonable 
restrictions in the use of materials and methods are 
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believed in certain quarters to be serious hindrances 
to the development of the residential use of electricity. 
As a result of this feeling study has been devoted during 
the last few years to the problem of surmounting 
these obstacles in the way of household electrical 
development. 

It is believed that there are three important factors 
underlying the undesirable conditions mentioned. 
These factorsare, first, lack of adequate skill in planning 
the average residence wiring system; second, lack of 
economical wiring materials; and third, the tendency 
to employ the electric wiring codes as obstructions to 
new development and progress. 

The first condition is being corrected in many lo- 
calities through the employment by the central station 
companies of home lighting experts and by the propaga- 
tion of the so-called ‘‘Red Seal” plan. Looking forward 
to the amelioration of the other two unfavorable 
influences there is considerable agitation for the devel- 
opment of lighter and less expensive wiring materials, 
and for the modification of the electrical codes if 
necessary to permit the use of such materials. 


THEATRICAL LIGHTING 

The growing importance of stage lighting in dra- 
matic production has led to the institution of a course 
in stage lighting in the Department of Drama at Yale 
University. This is perhaps the first serious attempt 
to teach lighting as a part of dramatic production. 
The course, which is open to students of some experi- 
ence, involves a comprehensive study of the science of 
lighting particularly from the standpoint of history, 
physics, psychology, electricity, illumination, instru- 
ments, and control. This is followed by the study of 
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the use of light on the stage and by practise on regular 
productions. | 

Motion Picture Lighting. The almost universal use 
of panchromatic film and the closer attention to 
operating efficiencies and economies are two principal 
factors which have brought about in some studios the 
substitution of incandescent lamps for other illumi- 
nants. It has been found that the spectral quality of 
the light from incandescent lamps is well suited to 
panchromatic film and by their use better color rendi- 
tion is obtained than with other illuminants. It is 
stated that by the use of incandescent lighting the 
labor and power costs for lighting are considerably 
reduced and, further, that it is found to be more 
flexible, more easily controlled, and more pleasing to 
those working under it than are other systems. Pro- 
ducers of the so-called talking pictures have found 
incandescent lighting desirable in order that the 
noises of arc lamps may not be recorded. 

The usual lighting requirements for motion picture 
production call for a general illumination of from 200 to 
500 foot-candles over the entire area to be photographed 
and, in addition, concentrated beams of from two to 
five times these values for modeling the principal 
actors or for bringing out certain parts in contrast with 
the rest of the set. The larger sizes of incandescent 
lamps up to those of 10-kw. rating are used. 

One of the recent developments in equipment for 
amateur motion photography is a portable reflector 
containing a standard 500-watt, T20 bulb, 100-volt 
projection lamp to be operated on the usual 115-volt 
house lighting circuit. This over-voltage operation, 
while reducing the average life of the lamp from the 
normal figure of 50 hr. to about 5 hr., greatly increases 
the amount of light produced as well as its actinic 
value and renders possible the use indoors of amateur 
motion picture cameras which have heretofore been 
dependent upon outdoor illumination. 


During 1927 there has been developed and placed on 
the market a new type of motion picture projector 
which utilizes a 60-ampere high intensity are with an 
ellipsoidal reflector as optical condenser equipment. 
With this new type of projector it has been possible to 
obtain screen brilliancies equivalent to those previously 
obtained with a 120-ampere high intensity are and the 
usual condenser lens system. 

Exterior []lumination 
STREET LIGHTING 

A tendency which has recently become evident 
in street lighting practise is the supply of 20- 
ampere series lamps from 20-ampere series cir- 
cuits instead of through the medium of individual 
transformers from circuits carrying small currents. 
Besides the elimination of the individual transformers, 
this practise results also in the loading of the series 
conductor more nearly to its capacity and in the reduc- 


__ tion of the voltage for which it must be insulated. 
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-A method of remote control for street lighting cir- 
cuits employing high frequency carrier-current im- 
pulses transmitted along the same conductors as the 
power current has been developed. The principal 
advantage of this method of remote control is that the 
power conductors are utilized for the transmission of 
control impulses without interference with their own 
function and without need for additional control con- 
ductors. It possesses a high degree of flexibility and 
is not subject to limitation of distance between trans- 
mitter and receiver to the same extent as is a pilot- 
wire control system. The first practical installation 
of the carrier-current control system was made in 
Schenectady, N. Y. Later installations have been 
made in Bayonne, N. J., Rochester, N. Y., San Fran- 
cisco, Calif., and Boston, Mass. 


RELATION BETWEEN STREET LIGHTING AND MOTOR 
VEHICLE HEADLIGHTING 


Obviously there is a close relation between street 
lighting and motor vehicle headlighting. The practise 
in either field affects that in the other field. 

If adequate street and highway lighting were every- 
where available, there would be no necessity for power- 
ful headlight beams. Since it is not likely to be eco- 
nomically practicable to illuminate all roads over which 
motor vehicles travel, there is no likelihood at present 
of eliminating such equipment. 

On the other hand, as adequate lighting of streets 
and highways becomes more extensive, the practica- 
bility and desirability of driving for a considerable 
part of the time with dimmed or deflected headlighting 
is becoming more and more possible of realization. 

Powerful headlights, such as are necessary to illumi- 
nate a highway, are subject to serious limitations. The 
known methods of eliminating glare from the eyes of 
other users of the highways are only partially effective 
and are not universally applied. Such glare is a source 
of discomfort and hazard. On densely traveled high- 
ways, the continual subjection of a driver’s eyes to one 
headlight after another becomes quite serious. 

Engineers who have given the most thorough study 
to the problem have reached the conclusion that its 
solution lies in the fixed lighting of highways carrying 
heavy traffic, and assert that suitable lighting is avail- 
able and economically practicable in many such 
situations. 

While the glare from automobile headlights is less 
serious in well lighted streets and highways, it is still 
objectionable, and since the use of powerful beams is 
unnecessary under these conditions, it is desirable to 
encourage the practise of avoiding their use. 

The Committee on Street Lighting of the Illuminat- 
ing Engineering Society has sought the cooperation of 
the Committee on Motor Vehicle Lighting of the same 
society in the consideration of this question. As a 
result of the joint deliberations, the following resolution 
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has been accepted as representing the views of both 
committees: 
“JoInT RESOLUTION ADOPTED Marcu 7, 19238, BY 
ON STREET LIGHTING AND Motor VEHICLE LIGHTING 
“RESOLVED, that in the opinion of the Illuminating 


mittee on Motor Vehicle Lighting, powerful headlights 
on automobiles as used in open road driving are un- 
necessary and undesirable upon adequately lighted 
streets. Upon such adequately lighted streets the 
practise of dimming or depressing headlight beams is 
desirable and should be encouraged. 

“It is further the opinion of these committees that it 
is practicable at this time to provide such adequate 
street light for traffic thoroughfares of American cities. 
In general, street lighting on such thoroughfares is 
believed to be adequate for this purpose when the 
street area between curb lines is illuminated to an 
average horizontal intensity of one-quarter foot-candle 
or more. This illumination can be obtained even 
under unfavorable conditions by an expenditure of 
about 100 lumens per linear foot of street. Where 
light is applied most effectively, and other conditions 
are favorable, 2 materially smaller value of generated 
lumens will produce adequate illumination and will 
suffice for driving with dimmed or depressed headlight 
beams.” 

AUTOMOBILE HEADLIGHTING 

The developments in automobile headlighting during 
the past year were characterized by structural improve- 
ments in headlamps and accessories and in the more 
extended use of the depressible beam system with two- 
filament lamps. 

Among the difficulties encountered in attempting 
good headlighting has been the fact that headlamp 
construction often has been so poor that permanency 
of adjustment could not be expected. Also, headlamp 
mountings have been, in many cases, so badly designed 
and made that close adjustments have been difficult 
to obtain and when once obtained have been insecure. 
With respect to these matters there has been a material 
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incandescent lamp is spread over as great an area as 
it seems to be desirable to illuminate, the beam in- 
tensities fall below a desirable limit, so that seeing is 
impaired. The use of the 21 ep. lamp is very exten- 
sive. In many states the use of higher candlepowers 
is prohibited. From a technical standpoint, however, 
it appears that proper illumination over the wide area 
which should be illuminated involves the use of higher 
ceandlepower lamps. Both the Lighting Division of 
the Society of Automotive Engineers Standards Com- 
mittee and the Motor Vehicle Lighting Committee 
of the Illuminating Engineering Society, the former in 


_— 
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latter in its last report have recognized this condition — 


and have pointed out that the logical solution of future 
design involves a raising of the limit to 32 ep., a change 
which does not involve overloading the electrical 
equipment of the ear. 

The same committee of the L E- S. during the past 
year has produced a draft of specifications for laboratory 
tests of optical characteristics of electrical headlamps 
intended to cover the so-called dual beam equipment 
for motor vehicles, and eventually to supersede the 
former headlight test specifications of the L. E. S. for 
the test of the single beam equipment. The Society 
of Automotive Engineers has cooperated in this matter 
and has adopted these specifications as part of its code 
of recommended practise. It is hoped that after a 
suitable trial period these specifications, with or without 
slight modifications, will be suitable for proposal to a 
sectional committee organized under the American 
Engineering Standards Committee procedure for adop- 
tion as an American standard. 


The dual beam headlighting system discussed at some — 


length in last year’s report has been approved by all 
states as legal and has met with wide popularity. A 
large proportion of the new cars is now being provided 
with this equipment. By its use two things are ac- 


complished: first, a great amelioration of the glare — 


difficulty is obtained by the use of the depressed beam, 
and second, since the driving beam can beremoved from 
the eyes of passing drivers, the adjustment of the head- 


lamps may be such that the top of the beam is of higher — 


candlepower than with the fixed beam equipment, 
thus providing a better driving light where the absence 
of oncoming cars renders it practicable to keep the beam 
in its normal position. 

A promising research project directed toward the 
determination of the most satisfactory methods of 


automobile headlighting is being carried out at the — 
Bureau of Standards under the technical direction of — 


the Research Committee of the Society of Automotive 
Engineers with funds provided by the National Auto- 
mobile Chamber of Commerce. The object of this in- 
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driver under various conditions and how best to 
fulfil these requirements under definite conditions. 
The first part of this research, designed to show the 
effect on visibility distance of various road conditions 
and lighting distributions, has been completed. 
Progress is being made on the second part in which 
the effect of approaching lights will be considered as 
an additional factor. 


SIGNAL LIGHTING FOR TRAFFIC CONTROL 


On November 15, 1927, under American Engi- 
neering Standards Committee procedure there was 
approved as an American Standard a Code of Colors 
and Forms for Traffic Signals for Highways and 
Vehicles. This code includes lights used upon vehicles 
and also luminous signals used for traffic control, but 
it does not include non-luminous signs. The code 
establishes the use of green for GO, red for STOP, and 
yellow for CAUTION, and gives a scientific specifica- 
tion for these three colors. The code includes the type 
of signal to be used at railroad grade crossings to 
indicate the approach of a train. 

The subject of non-luminous traffic signs is to be 
covered in a report of a committee of the American 
Engineering Council on Street Signs, Signals, and Pave- 
ment Markings. This A. E. C. Committee has been 
at work for more than a year and has nearly completed 
its report, which includes the choice of colors, forms, 
wordings, mounting positions, mounting heights, and 
various other details of street traffic signs as well as 
recommended practises for pavement markings. It 
is attempting to standardize the control of right and left 
turning movements where luminous signals are used in 
the hope of achieving some uniformity in the use of such 
signals. It favors the use of red and green only rather 
than red, yellow, and green; but where yellow is to be 
used it is hoped that it may be used in a uniform 
manner in all communities. Its report is now in the 
hands of a sectional committee of the A. E.S. C. 

The A. E. S. C. code already approved provides that 
automobile headlights shall be white, yellow, or some 
intermediate hue. Tail lights are to be red and rear 
signaling devices are to be yellow. Other red and 
green lights are not to be displayed on either the front 
or the rear of vehicles. Conformance to this code will 
require the abandonment of red and green lights for 
route markers and for rear signaling devices. 

In line with the standardization of the use of colored 
lights, the American Engineering Standards Committee 
has already approved of green as the standard color for 
exit lights from theaters and similar buildings. 

SIGN LIGHTING 

The National Electric Light Association, in the spring 
of 1928, sponsored two schools of electrical advertising 
which were held at the respective lighting institutes of 
the Edison and National Lamp Works of the General 
Electric Company. In addition to the technical aspects 
of electrical advertising, the schools stressed the neces- 
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sity for cooperation between the various branches of 
the industry for the purpose of improving the value of 
this advertising medium. 

The projection of advertisements upon low clouds in 
the sky has been made possible by the development of a 
huge lantern slide projector illustrated in Fig. 5. The 
application of this method has not as yet proved 
generally practicable, being decidedly limited by 
meteorological conditions. 

The animated bulletin board type of sign consisting 
of figures painted with saturated colors and illuminated 
alternately by light of different hues continues to grow 
in popularity in spite of its limited color range. 

Porcelain enameled steel letters are being used more 
extensively than in former years, particularly in con- 
nection with large roof signs. Their ability to with- 
stand exposure to the weather and the ease with which 
they may be cleaned are important advantages over 
painted letters. The recent use of chromium-plated 
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channel letters and borders in electric signs is one of the 
latest recorded developments in the sign art. The effect 
is apparently to multiply the number of lamps in the 
sign in consequence of the specular reflections from the 
polished surfaces. The non-corrodible quality of chro- 
mium plate renders it especially suitable for this 
service. 

The increasing popularity of the neon tube is one of 
the notable developments in this art. It has been 
stated to the committee by one of the leading manu- 
facturers that during the last four years about 700 neon 
electric signs have been installed in the New York 
metropolitan area and that more than 4500 such signs 
have been installed throughout the United States. 


LIGHTING OF BUILDING EXTERIORS 


The floodlighting of office and public buildings has 
advanced rapidly during the last few years. Archi- 
tects have manifested greater interest in lighting as a 
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means of bringing out pleasing features of design and in 
consequence many buildings at present under construc- 
tion are provided with ample wiring at the proper places 
for floodlighting. In the case of tall buildings the trend 
of practise is to light the upper stories which are visible 
from the greater distances and for the lighting of which 
facilities are afforded by the modern setback style of 
construction. During the past year there has been a 
distinct tendency toward the employment of color in 
floodlighting. The instances of the use of color range 
from small installations with touches of color here and 
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there to large buildings whose entire facades are 
bathed in light of one or more colors. Perhaps the 
most notable recent example of colored floodlighting is 
the new 23-story building of the Philadelphia Electric 
Company which is lighted above the fifteenth story with 
continuously changing tints of four colors. This 
installation (illustrated in Fig. 6) comprises a total of 
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467 projectors consuming 262 kw., which is equivalent 
to about 9 watts per sq. ft. of lighted area. The 
colored lamps, which are connected directly across the 
line, are supplemented by clear white lamps connected 
in series with motor-driven dimmers. By this means 
the colors are diluted with white light in continuously 
changing proportions. The colored lamps comprise 
about two-thirds of the total wattage and the clear 
lamps one-third. 

The supply of floodlighting projectors from series 
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street lighting circuits is an interesting development of 
the recent past. In this class of installation the flood-— 
lights burn on the same schedule as the street lamps, and 
are owned, installed, and maintained by the electric 
service company. 

Another interesting method (illustrated in Fig. 7) 
of floodlighting buildings not exceeding 100 ft. in 
height, is the installation of projectors in the ornamental 
tops of street lighting posts located along the curb. 
In addition to the projection lamp in this type of instal- 
lation an auxiliary lamp of about 200-watts rating is 
required in each post top in order to raise its brightness 
to a point where its appearance bears out its function as 
a light source. This type of installation has the merit 
of a pleasing appearance in the daytime as well as at 
night and is particularly well adapted to those cases 
where no out-of-sight location can be found for the 
projectors. 


LIGHTING OF RAILROAD YARDS 


Floodlighting is becoming recognized as the standard 
method for the artificial illumination of railroad yards 
and its application is, therefore, rapidly extending. 
The need for more exact engineering data and method 
in designing floodlighting installations and selecting 
lighting units has been recognized. The Committee 
on Illumination of the Association of Railway Electrical 
Engineers has continued its active study of this sub- 
ject, and, with the assistance of a subcommittee com- 
prising specialists in photometric and illuminating 
engineering work, has prepared a “General Procedure 
for Photometry of Incandescent Floodlights” which it 
has recommended for adoption as standard practise for 
testing and rating floodlighting projectors. 


RAILROAD SIGNALING 


During 1927 automatic signals were installed upon 
5127 mi. of railroad. This record has not been equaled 
in any previous year. The preference for light signals 
is indicated by the fact that of the total number of 
signals installed during 1927, 74 per cent were light 
signals and 26 per cent were semaphore. The propor- 
tion of light signals tends to increase from year to year. 
Of the light signals installed during 1927, 82 per cent 
were colored lights, 16.8 per cent were position lights, 
and 1.2 per cent were color position lights. One of the 
outstanding developments of 1927 was the placing in 
service of a centralized dispatching system on the 
Ohio division of the New York Central Railroad. 
This installation represents the accomplishment of the 
idea of operating trains by signal indication without 
written train orders or operators at intermediate 
stations. All signals and passing side switches are 
power-operated and under the control of the dispatcher 
at a central point. 


LIGHTHOUSES 


Since the first practical application of the incandes- 
cent electric lamp to large lighthouses at Cape Henry 


_ local generating plant can be maintained. During the 
past year ten light stations and three lightships were 
equipped with electricity. Small electric lights, the 
current for which is supplied by a battery of primary 
HI | - edlls,are to some extent being substituted for oil burning 
. - post lights on inland rivers and similar locations. 
. ? These outfits have been designed to operate without 
= attendance for several months. 
| 3 A relatively recent development i in the application of 
| electricity to the lighthouse service is the automatic 
Bs lamp changing device, actuated by a no-voltage relay, 
_ which swings into focus and lights a spare lamp in the 
_ event that the first lamp burns outin operation. Though 
commercial types of incandescent electric lamps have 
been found satisfactory in lighthouse lenses of the 
smaller sizes, and though they produce adequate beam 
intensity in lenses of any size, they are not well adapted 
for use in large lenses designed for other illuminants 
because the filament is not large enough to provide 
‘ § sufficient vertical divergence of the beam in fixed 
lenses, and in revolving lenses the length of flash pro- 
vided is of too short duration. Considerable experi- 
mentation along the lines of variations of filament 
Fa shape and frosting of bulbs has resulted in the develop- 
| _ ment of several lamps for this service which represent 2 
_ great improvement over the general service types. 
LIGHTING FOR AVIATION 
‘ During 1927 much work has been done in the lighting 
_ of airways in order to promote the safety of night 
flying. At the present time 5800 mi. of air route are 
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lights 10 mi. apart, or closer where required, lighted 
_ intermediate landing fields 30 mi. apart, radio communi- 
_ cation service for weather information and forecast, 
reports of arrivals and departures, and direction and 
control of aircraft in flight. 

Z The beacon lights are erected on 50- or 75-ft. steel 
towers at the bases of which are chrome yellow arrows 
_ 56-ft. long to indicate the line of flight. The number of 
_ the beacon is painted in black on the arrow for daytime 
identification. The beacon light consists of three 
units, a revolving searchlight synchronized with two 
_ flashing red course lights. The revolving beacon has 
a 24in. parabolic mirror and a 1000-watt, 110-volt 
_1T20 incandescent lamp designed to yield an average 
_ life of 500 hr. The beacon develops a beam intensity 
of between two and three million cp. Its axis is 
_ elevated two deg. above the horizontal and it is rotated 
_ about a vertical shaft by a motor and worm gearing at a 
_ fate of six rev. per min. Auxiliary contactors on the 
_ vertical shaft interrupt the current to the course lights 
according to a code by which the pilot identifies the 

beacon. 


Each course light consists of a 500-watt, G40 in- 
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candescent lamp in a 14-in. parabolic reflector with a 
red or amber 30-deg. spreadlight cover glass. The 
electric circuits are controlled by astronomical clocks 
which turn the lights on at sunset and off at sunrise. 
Where commercial electric service is not available 
two-kw. full automatic gasoline engine generators are 
installed in duplicate. In the event of engine failure 
a relay places the stand-by generating unit in operation. 

Intermediate landing fields are marked with a 
revolving beacon, a boundary lighting system, obstruc- 
tion lights, and an internally lighted wind cone. The 
fields usually have two landing strips at right angles to 
each other, each about 500 ft. wide and 2000 ft. long. 
The boundaries of the landing strips are marked by 
15-watt or larger multiple lamps in clear white refractor 
globes spaced about 300 ft. apart or by series lamps of 
equivalent candlepower. Green range lights mark the 
favorable approaches and 25-watt or larger multiple 
lamps in red globes are mounted on all neighboring 
obstructions. 

To meet the requirements for terminal fields 425 
airports have been established or are under construction 
by municipalities in the United States. The Depart- 
ment of Commerce has established an airport section 
to cooperate with city officials for proper selection and 
development of airports. Extensive tests were made 
during the past year in the landing of aircraft at night 
under varying conditions and floodlighting systems. 

The outstanding developments in airport lighting 
during the year were a new system of grouping of 
incandescent floodlight units on one or more sides of the 
landing field, an intermediate size dioptric floodlight 
unit using the 5-kw. incandescent lamp, illuminated 
field markers and wind-direction gages and a 55-ampere 
high intensity arc floodlight unit with 2 deg. vertical 
and various degrees of horizontal spread of beam. 
Neon tube beacons and boundary lights have been 
advanced in development during the year and it is 
understood that in Great Britain and Germany they 
are employed very generally in lighting for aviation. 
A practical method has been demonstrated for auto- 
matically controlling landing field floodlights through 
switches actuated by the noise of the airplane or by a 
whistle of distinctive tone mounted on the plane. 


LIGHTING FOR NIGHT RECREATION 

Artificial lighting is being used more and more to 
extend the uses of recreational areas into the dark hours. 
Lighting installations for night tennis, football, races, 
bowling on the green, hockey, horseshoe pitching 
(quoits), and indoor baseball are numerous and assure 
the practicability of night sports. Fig. 8 shows a court 
illuminated for playing quoits after dark. Extensive 
investigations at Lynn, Mass., indicate that in no very 
distant future the great national game of baseball may 
be played at night under artificial illumination. 

During the past year special progress has been made 
in the application of artificial light to swimming pools. 
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In addition to levels of illumination of the order of 5 to 
10 foot-candles over the entire pool area to insure 
safety and comfort it has been found desirable and 


feasible to provide, in the deeper parts, under-water ~ 


illumination from units below the surface. Equip- 
ment which can be installed quite economically has 
recently been made available for this service. 

Christmas Lighting. More attention has been paid 
to decorative Christmas lighting this year than ever 
before. Over fifty communities conducted contests 
during the holiday season in the decorative lighting 
of residences, all of which were successful in greater or 
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lesser degree. Greatest interest, as manifested by the 
largest number of entries, has come where the contest 
has been divided into several classes or districts so that 
moderate homes were not expected to compete on an 
equal basis with wealthy homes. In Fig. 9 is illustrated 
an example of the result achieved by effort applied in 
this direction. 


UNDERWATER LIGHTING AND DIVING LAMPS 


The standard diving lamp adopted by the U. 8. Navy 
and approved by marine salvage companies now consists 
ofa 1000-watt G40 extra heavy glass bulb lamp, 115-volt 
range, with concentrated filament construction. These 
lamp bulbs are tested to withstand a pressure of 150 
Ib. per sq. in., which suffices for submersion to a depth 
of 300 ft. The bulb is mounted in a housing some 18 
in. long with a non-tarnishing metal reflector 11 in. in 
diameter. In operation the lamp bulb is in direct 
contact with the water, being protected only by a heavy 
wire screen across the mouth of the reflector: The 
problem of overcoming water leakage has been solved 
by the use of a special insulating sleeve surrounding the 
base of these lamp bulbs. To prevent the crushing of the 
lamp base and the seal, which are the weakest points 
of the structure, special reinforcement has been intro- 
duced. These lamps have proved very useful in 
recent salvage operations on the submarine S-4. 
Although the water near the bottom was very muddy, 
the divers there engaged reported good visibility at 
distances from 8 to 6 ft. Experiments have been 
conducted to ascertain whether colored light would be 
more effective than white light in promoting visibility 
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under water, but the results have been chiefly of a 
negative character. 

During the past summer underwater lamps were used 
in a study of tropical marine life off the coast of Haiti. 
Both clear and colored lamps were used and the 
attracting power of light for certain fish seemed well 
demonstrated. It is reported that electric incandescent 
lamps are in use as bait by Japanese fishermen. 


LIGHTING FOR AGRICULTURE 


Recent investigations into the relation of light to 
plant growth and maturity have followed three paths, 
first, the relative effects of radiations of different 
wavelengths, second and third, the effects of variations 
in the relative and absolute lengths of the alternate 
periods of light and darkness. Different varieties of 
plants do not seem to react in the same way to the same 
conditions of irradiation. It has been reported that 
the growth of some plants has been stimulated and the 
content of certain valuable ingredients increased by 
exposure to the ultraviolet end of the spectrum of 
sunlight. Other investigators have concluded that, 
in general, the ultraviolet portion of the spectrum of 
sunlight has no great effect on plant growth, time and 
amount of flowering, or the weight of tissue produced. 
It has been observed that certain pigments, as theredin 
mignonette lettuce and the purple in purple cabbage, are 
intensified by violet and ultraviolet radiation. It has 
been shown by several experimenters in this field that 
ultraviolet radiation of wave lengths shorter than 248 
millimicrons is very injurious to growing plants. 
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Previous investigations have shown that long periods 
of illumination produce in some plants increased 
vegetative growth while in other plants they bring 
about early maturity. Recent experiments with the 
variation of the absolute lengths of the alternate 
periods of light and darkness (their relative lengths 
remaining constant) have led to the conclusion that 
with plants in which flowering is favored by short days, 
as well as with those in which the opposite is true, the 
general effect of relatively short alternations of light 
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and darkness on reproductive activities is much the 
same as that produced by long days or continuous 
illumination. However, it was also observed that the 
short light-darkness alternations may bring about more 
or less serious nutritional disturbances. As the periods 
are shortened the plant séems to be weakened until a 
point is reached at which the growth begins again to 
improve. This point in one case was equal periods of 
15 sec. of light and darkness. In another case it was 
found that periods of 0.004 sec. duration produced 
the same rate of assimilation in the plant as did contin- 
uous illumination. 

The attraction of light for insects has been used for 
many years in luring them to their destruction. A 
recent application of this principle was made in Alabama 
where fruit worms had caused severe losses in the 
tomato crop. With 100- and 200-watt lamps and 
flat reflectors suspended 5 ft. from the ground and over 
pans of water covered with kerosene, the protection 
was reported to be so complete that only 35 worm- 
infested tomatoes were found in two acres, whereas 
neighboring unprotected fields suffered losses from 30 
to 50 per cent. 

That color is a factor in the attraction has been shown 
in some results obtained at the State Experiment 
Station at Geneva, N. Y. It was found that ‘“‘tent 
caterpillars,’”’ a most ravenous insect pest, would leave 
young apple twigs and gather in places where there was 
plenty of light though little fodder. With differently 
colored lights, the apparently hungry caterpillars 
usually went directly to those of a pale yellow. Some 
preferred a deeper yellow, but red light appealed to 
only a few. : 

From other quarters information has been received 
that while many experiments, some of them very careful 
tests, have been made with lights in the control of 
different insect pests such as the cotton worm, cotton 
boll weevil, codling moth, Japanese beetle, etc., the 
results have not been sufficiently favorable to indicate 
that any material help may be expected from the use of 
light traps under the conditions of experimentation. 
It is believed that there is room for considerable further 
experimentation in this field, as with lights of different 
colors and different intensities. ; 

The use of artificial light in poultry houses during the 
winter months has become a common practise on many 
poultry farms. The usual method is to turn on the 
lights for a short period morning and night in order to 
extend the period of daylight, thus stimulating the 
activity of the hens and increasing their food consump- 
tion and egg production. In addition to the use of 
artificial light in this connection, electricity is being 
used in experimental work to furnish ultraviolet rays 
to young chicks and also to laying hens which are kept 
confined where they do not get direct sunlight, the 
effect of the ultraviolet radiation being to promote 
bone formation and to prevent the occurrence of leg 
weakness, a condition resembling the disease in human 
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beings known as rickets. The more common practise, 
however, is to accomplish this result by administering 
with the chickens’ feed a ration of cod liver oil which 
has the same specific effect as ultraviolet radiation. 


Other Topics 


SOURCES AND APPLICATIONS OF ULTRAVIOLET 
RADIATION 


The general interest in the health promoting use of 
ultraviolet radiation has stressed the need, on the one 
hand, for windows transmitting all of the sun’s short 
wave radiation, and on the other hand, for artificial 
sources emitting little or no radiation of higher fre- 
quency than that present in direct sunlight. The former 
need has been met by a variety of more or less satis- 
factory materials for use in place of ordinary window 
glass. Of these materials the degree of transparency to 
ultraviolet radiation varies greatly. Moreover, the 
transparency of certain materials tends to deteriorate 
with exposure. 

The latter need arises from the hazard incidental to 
the use by laymen of the high intensity, high frequency 
ultraviolet sources formerly used only by the medical 
profession, and also from a recent tendency to attribute 
the maximum therapeutic value to those wave lengths 
in the immediate neighborhood of 300 millimicrons. 
This need has been met by the use of the new window 
glasses as filters in connection with arc lamps which 
have long been used as artificial sources of ultraviolet 
radiation. However, much attention has been given 
to the problem of developing a new source character- 
ized by a maximum possible emission in the region 
from 280 to 320 millimicrons, with no emission of 
shorter wavelength and a minimum of radiation of 
longer wave length. It is expected that such a source of 
ultraviolet radiation will appear on the market within 
the next year. 

The types of artificial sources at present available are 
being widely sold for use not only by physicians but 
for home use under medical supervision. Artificial 
“solariums” are being generally established in con- 
nection with athletic clubs, Y. M. C. A.’s, Y. W. C. A.’s, 
and sanitariums throughout the country. Baby clinics 
primarily for ultraviolet treatment and prevention of 
rickets are in operation in many large cities. 

Two new industrial applications have been well 
established during the past year. The application of 
ultraviolet radiation from artificial sources to the harden- 
ing of the varnished surface of patent leather has been 
successful in effecting a higher quality of product with a 
much shorter treatment than was possible by the 
former method of exposure to sunlight. The exposure 
of dried milk powder to ultraviolet radiation has 
resulted in the production of an infant food having 
marked antirachitic properties. A similar use of 
ultraviolet radiation in connection with the preparation 
of other food materials is under investigation. 
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PHOTOMETRY 


Recent progress in photometry has taken the form of 
refinement of existing methods and instruments and of 
increased knowledge of the characteristics of the photo- 
electric cell. The advent of the four element vacuum 
tube has made it possible greatly to improve the 
sensitivity, speed, and precision of photoelectric 
spectrophotometry. The photoelectric cell containing 
a monomolecular layer of caesium. which has recently 
become available, represents a distinct advance over 
the earlier types in stability of color sensitivity and in 
approach to eye sensitivity. 


A recent development in the photometry of flood- 
lights and other projectors has been the use of a concave 
spherical mirror in place of a diffusing hemisphere for 
integrating the light flux over a unit of solid angle. 

The standard method for photometry of floodlighting 
projectors, mentioned elsewhere in this report, which 
has been formulated by the Committee on Ilumination 
of the Association of Railway Electrical Engineers, is 
intended to render possible the comparison of results 
of photometric tests made on projectors by different 
laboratories. This is achieved by standardization of 
testing conditions and methods of computation of 
results from test data. Briefly, the method provides 
that the light flux within a solid angle of one square 
degree be measured in an integrating device at a 
distance of not less than 100 ft. Observations are 
taken at approximately 100 stations uniformly spaced 
throughout the beam, and in addition, at a series of 
stations on eight equally spaced lines radiating from the 
axis of the beam and extending to the limits of the 
lighted area. This method of integrating the light 
output over a solid angle of one square degree minimizes 
erratic results due to traces of filament image in the 
beam. Since the beam limits are defined in terms of the 
maximum candlepower value, individual test results of 
single projectors show some variation in beam efficiency. 
Further refinement of the method is under considera- 
tion with a view to reduction of these variations. 


The great differences in the intensities and the 
spectral characteristics of the ultraviolet radiations 
from the various sources make it desirable to be able 
conveniently to compare the radiations from several 
sources in terms preferably of some standard unit of 
intensity. Unfortunately no convenient method of 
accomplishing this has been standardized, though it has 
been suggested that the intensity of the ultraviolet 
component of sunlight at least may be inferred from 
photometric measurements, thefactor of proportionality 
having been determined for the given locality by radio- 
metric measurements in the laboratory. 


MISCELLANEOUS APPLICATIONS OF LIGHT 


An interesting and novel application of light is in a 
device recently developed for measuring the change in 
length of a small specimen of magnetic material upon 
magnetization. This change of length is of the order of 
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a billionth of aninch. In this apparatus the imageofan 
illuminated portion of a ruled grating is reflected back 
upon another portion of the grating by a pivoted con- 
cave mirror which is arranged to tilt slightly when the 
length of the specimen changes. Behind the second 
portion of the grating is a photoelectric cell. As the 
mirror tilts the image moves across the grating, causing 
a variation in the amount of light transmitted to the 
photoelectric cell. The response of the cell, as in- 
dicated by a sensitive galvanometer, is a measure of the 


‘tilt of the mirror and of the change of ae of the 


specimen. 


A recent application of ultraviolet radiation and the 
photoelectric cell is in a device for the automatic 
concentration of ores. The crushed raw ore on a belt 
passes under a source of ultraviolet radiation which 
causes the pieces of valuable material to fluoresce 
strongly, while the pieces of worthless rock remain 
unaffected. A photoelectric cell screened from the 
ultraviolet radiation picks up the visible light of the 
fluorescent material and actuates a device which 
separates this material from the rock. 


INTERNATIONAL CONSIDERATION OF ILLUMINATION 
Topics 


The occasion of a plenary meeting of the International 
Commission on I]lumination in America will be marked 
by an International Illumination Congress during the 
week of September 24, 1928. In addition to reports 
of technical committees of the I. C. I., there will be 
papers and discussions on a variety of lighting topics. 
This meeting is expected to bring together leading 
lighting experts from the several countries and bids 
fair to advance understanding through the exchange 
of technical information with results beneficial to all 
participating countries. 
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Electrochemistry and Electrometallurgy 


ANNUAL REPORT OF COMMITTEE ON ELECTROCHEMISTRY AND 
ELECTROMETALLURG Y* 


To the Board of Directors: 


The Committee on Electrochemistry and Electro- 
metallurgy makes its annual report as follows: 

The revision of the Institute’s standards for storage 
batteries which was proposed by this committee several 
years ago has been completed by Working Committee 
No. 37. The revised standards were adopted by the 
Board of Directors February 16, 1928 and have been 
published. 

Standards for the international electrical units con- 
tinue to receive attention at the National Standardizing 
Laboratories. These standards are the basis for electri- 
cal measurements of both the engineer and the physicist. 
The standards for the international system of units are 
essentially electrochemical and it is appropriate, there- 
fore, to review briefly the present situation in regard 
to them. Since 1911 fundamental measurements of 
current have been based upon wire resistances and the 
value determined for the Weston normal cell by an 
international technical committee which did its experi- 
mental work in Washington during the year 1910. At 
that time values to be assigned to the wire resistance 
coils were agreed upon. No detailed specifications for 
either the standard cells or the silver voltameter which 
serves as the international standard for the measure- 
ment of current were agreed upon, but the work of 
preparing such specifications was continued by several 
of the national laboratories until interrupted by the 
War and a high degree of uniformity was attained in the 
voltameter measurements. 

The interlaboratory comparisons of standard cells 

were also interrupted by the War and it is only within 
recent months that we have obtained comparisons of 
the value of the volt in the principal countries. Direct 
exchange of standard cells has been made between 
the Bureau of Standards and several foreign laboratories. 
Several groups of cells have been taken also to the various 
national laboratories by representatives of the Central 
Chamber of Weights and Measures at Leningrad. A 
‘report by M. Malikoff and M. Kolossof has recently 
communicated the results of their comparisons. On the 
basis of their report as well as the direct exchange of 
cells, the accompanying figure has been prepared to 
show the relation of the volt in six countries at the 
present time. 

The maximum differences are rather larger than was 
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to be expected. This should not be interpreted as 
meaning that the saturated cell is not reliable or re- 
producible since the value for the cell isa derived value 
and may therefore include uncertainties in the value of 
the ohm or errors in the use of the voltameter, or what- 
ever other means may have been employed for deter- 
mining the cell values from time to time: 

The procedure for maintaining the volt by means of 
the Weston normal cell at the various laboratories 
differs very greatly. A redetermination of the inter- 
national ampere by means of the silver voltameter 
has been undertaken by the Bureau of Standards. 
Work of this character has not been done previously 
for 15 years. 

Whatever the outcome of the present discussions as 
to the advisability of continuing the international 
system of electrical units or changing to the absolute, 
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c. g. s. system may be, the maintenance of the reference 
standards, particularly the standard cell and the wire 
standards for resistance will be none the less important. 
If the absolute units are eventually adopted in place of 
the present international system, the silver voltameter 
and the mercury ohm will be discarded. 

The fifty-third meeting of the American Electrochem- 
ical Society included a symposium on the chemical pro- 
duction of electricity. Eighteen papers were presented 
on primary cells, storage batteries, rectifiers, and electro- 
lytic condensers. The feasibility of making dry cells 
without the use of manganese ore was described in 
several papers. Graphitic oxides have become a com- 
mercial possibility as a substitute for manganese di- 
oxide, but no immediate change in the construction of 
dry cells is likely. The graphitic oxides, however, 
should find other applications where a convenient source 
of loosely held oxygen is needed. The absorptive 
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properties of finely divided carbon have also made 
possible the construction of primary cells of large ca- 
pacity, subject only to the renewal of the zine and the 
electrolyte. 

The development of satisfactory aluminum electro- 
lytic condensers has been important in the telephone 
field. 'These condensers have a service life yet to be 
determined. Some have been in service more than 
five years and others, operating under test conditions 
in the laboratory, have passed eight years. The 
capacity depends somewhat on the formation and the 
conditions of service. Condensers for 24-volt circuits 
have a nominal capacity of 1000 wf. and weigh about 
40 lb. 

'An electrical distillation method described in a 
recent paper before the Electrochemical Society has 
been developed for the manufacture of chemically 
pure hydrochloric and nitric acid. By this means a 
continuous process has become possible, utilizing electri- 
cal energy in place of fuel, with added advantages of 
greatly reduced cost and an improved product. 

Electric melting of steel and iron has maintained its 
already established position. Complete data are not 
available on furnace installations during the past year, 
but a considerable number of new installations include 
the ’Lectromelt furnaces. The United States is be- 
lieved to lead the world in the production and 
utilization of the electric furnace. One noteworthy 
installation for which an order has been placed during the 
early part of 1928 is for a 60-ton steel-melting furnace 
to have an installed transformer capacity of 20,000 
kv-a. The phrase “electric steel” has now become a 
trade mark of superior quality. 

Increasing interest has been noted in the possibility 
of providing greater uniformity in composition and 
physical properties of cast iron and this affords a 
promising field for electric furnaces. 

The induction type of furnace, sometimes referred to 
as the high-frequency furnace, has appeared in the 
ferrous field for the production of alloy steels. In the 
past, the opinion has been held that the induction 
furnace would not be useful in the iron and steel in- 
dustry although it had found a place for itself in the 
nonferrous field. At the present time some are in- 
clined to think that the widest application for the in- 
duction furnace will eventually be in the iron and steel 
industry. The design of a one-ton steel melting 
furnace of the induction type is now in the development 
stage. During the past year new installations have 
been devoted largely to the manufacture of high-grade 
special steels and alloys. 

Another development in the electric furnace field has 
been the introduction from France into this country 
of the Miguet electric furnaces. Electric furnace 
engineers have recognized the desirability of using 
large electrodes in order to produce more efficient 
operation and better quality of production. The 
electrode in the Miguet furnace covers the entire 
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molten charge, that is, the diameter of the electrode 
is equal to the diameter of the bowl. 

Electric melting in the brass industry is a develop- 
ment of comparatively recent years but it has now 
become firmly established by affording a control of the 
product that was previously lacking.and by improving 
working conditions. The smaller brass foundries have 
been somewhat slower in adopting electric heat for 
melting than the larger plants in the wrought brass 
industry, but relatively small furnaces of the single- 
phase type are now becoming more common. 

Increased interest has been shown in the wide ap- 
plication of electric furnaces to various other industries 
and of particular note is the recent application of 
electric furnaces to glass melting. This has been a 
difficult problem to which extended research has been 
devoted and it is only recently that practical installa- 
tions have been made. The glass charge is used as 
the resistor. 

Industrial electric heating and annealing has con- 
tinued to advance. Recent conferences on this subject 
have been held at Purdue and Yale Universities. 
A notable example of electric heating and annealing has 
recently been carried out at the Bureau of Standards in 
connection with the cooling of the largest disk of optical 
glass ever cast in America. Refractories for furnaces 
used in the glass industry have been improved during 
the year by the introduction of Corhart cast refractory 
blocks. These are made by fusing aluminous silicious 
material in an electric furnace and then casting the 
material in blocks at a temperature about 1900 deg. 
cent. This material on cooling has a dense interlocking 
crystalline structure which is nonporous. Tests which 
have been made in the glass industry show that it has 
much longer life than any other refractory previously 
used in that work. 

Among the resistors for furnaces, there has been 
further development in what is known as the Globar 
elements. These elements are made of silicon carbide. 
The idea of using this material as an electrical resistor 
in high temperature work is not new, but it has not 
been used extensively until recently. Silicon carbide 
has a large negative temperature coefficient and when 
used as a resistor was not entirely stable. That is, 
its resistance tended to increase after a short period 
of use. During the past year a much more stable 
resistor of this type has been made and these are now 
obtainable in large sizes, some as large as 2% in. in 
diameter and 5 ft. long with an electrical rating as 
high as 25 kw. per bar. Another difficulty with these 
resistors has been overcome by a method developed 
within the past year for improving the electrical con- 
tact at the terminals. 

Chromium plating continues to be the center of 
interest in the electroplating field. Clearing of the 
patent situation will doubtless further stimulate the 
use of this metal in electrodeposition. One of the most 
interesting developments during the past year has been 
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inconnection with chromium platedtools. The industry 
has reached a stage where the demand for chromium 
plated-ware is far in excess of the supply. 

Cadmium plating is proving valuable as a2 preventa- 
tive of rust and its use is growing on this account. 

Many attempts have been made to develop saiis- 
factory methods of electroplating aluminum and its 
alloys, but few of these hitherto deseribed have been 
Adherent smooth deposits of nickel and 


detail and are adapted to pure aluminum as well as 
to each of a number of its alloys. The plated aluminum 
has advraniages by reason of its improved appearance 
as well as its resistance to abrasion. 

The Copper and Brass Research Association has been 
instrumental in making the uses for copper and brass 
better known to the public. Evidence of this is found 
im the fact thai the use of brass pipe has increased over 
200 per cent im the lest three years. The older copper 
refineries are said io be planning extensive moderniza- 
tion programs chiefly along the line of reducing the 
power cost. 

The output of electrolytic zine contimnes to grow 25 
2 result of available cheap zine concentrates which can 
be handled by this method. This affords a valuable 
ouilet for clecirical energy which is likely to imerease 
The output of electrolytic zine from aqueous sulphaie 
solution is estimated at the present at 500 toms a day as 
compared with 10) toms at the dose of the War. An 
increased capacity for the production of cercirolytie 
zine is forecast for the coming year as several large 
electrolytic plants have recently been built or projected 
and some chemical engineers say the time is not far 
Gistant when virtually all zine will be decirolytically 
refed, as im the case of copper, because of the better 


In the lead field, additional Betts plant capacity is 
bemg built and it seems possuble that the demand for 
lead which is very low m bismuth may become more 
general At Kellogz Idaho, and im Peru, the Tainton 
process of recovering lead elecirolytically from leach 
Enquors along lines analogous to the zine work is in 
development. 


In the field of aluminum and its alloys 2 new form 
of sheet material combining the strength of the alloy 
and the resistance to corrosion of pure aluminum has 
recently appeared under the mame, Aldad This 
consists of 2 heat treated aluminum alloy base with 


aluminum alloys m the past. Magnesium is finding 
imereasing use in the aluminum alloys of high strength. 
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Uses for the very pure aluminum prepared by the 
Hoopes process are increasing. 

The chief interest in the production of metals from 
fused dectrolytes has recently centered around the 
large aluminum plant now being constructed at Arvida, 
Canada. The capacity of this plant is planned to 
equal the present world production of aluminum. Two 
sections of the plant have been put in operation. The 


Three per cent of Beryllium added to iron produces a 
steel and an equal quantity added to copper makes 2 
valuable bronze. Rare metals are bang produced 
on a limited scale by the dectrolysis of fused aaltz 
and of these the most notable is probably Zirconium. 
The use of decirolytic hydrogen in the production 
of synthetic ammonia has been imereasing Several 


tion of dectrolytic oxygen and hydrogen in place of liqui- 
fication equipment now used for making oxygen alone. 

A new type of oxy-bydrogen cell bas recently been 
designed to operate at high temperatures without undue 
deterioration. The larger cells are rated for 23 volts 
ata maximum emrent of 15,000 amperes. These cells 
are said to be able to follow the normal lead in some- 
what the same way 2s the storage battery when charg- 
ing at a variable rate and to do this without any great 
change in Giicency. Off peck energy comverted to 
direct current ean be absorbed with 2 comsequent im- 
provement in load factor and it is daimed that the cells 
may be operated on 2300-volt Grenits. It is suggested 
that under some conditions the large scale production 
of these gases at 2 low cost might reach 2 point where 
they could be used in the production of gas for heating 


purposes. 
The materials for nitrogen fixation are so universally 


most rapidly at present. 

The great devdopment in anal] rectifiers of the 
dectrolytic type which was noted several years ago 
im the radio fidd kas been checked by the recent 
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development of a-c. radio sets and the so-called dry or 
electronic rectifiers. Valuable information as to the 
details of improvements made in the aluminum rectifier 
as well as other types have become available. Mechan- 
ical rectifiers for high-voltage alternating current have 
been displaced by the vacuum tube. 

In the field of electrochemistry of gases, outstanding 
developments are largely the researches of Dr. Lind 
and his associates who have been able to produce 
reactions at low temperatures without use of high 
voltages by exposing the gases to the emanations from 
radium. Similar work has been done by Daniels and 
others on the synthesis of ozone and nitric oxide by the 
use of high-voltage cathode rays. The use of ozone 
for the purification of drinking water has trebled within 
the past few years. 

Outlets for electrical energy in various industries 
that have not previously made extended use of electric- 
ity are significant. In the paint, varnish, and lacquer 
industries the electrolytic production of lead carbonate 
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is increasing. The synthetic preparation of acetic 
acid, acetone, and methyl alcohol in which electrolysis 
may play a part, has had an important effect in re- 
placing products formerly obtained by wood distillation. 

The heavy clay industry has made progress in the 
use of electrical machinery but is still behind in the 
development of such lines. Brick manufacturers are 
beginning to realize the advantages of electricity as a 
means of saving labor and the proper control of the 
products. 

On all sides we find a constantly increasing demand 
for new products to meet conditions which were un- 
known in the past. Everywhere there is an increasing 
interest in the work of the research laboratories and the 
demand for greater results from research people. 

The committee wishes to acknowledge valuable 
suggestions for the preparation of this report which 
have been made by Prof. C. G. Fink, secretary of the 
American Electrochemical Society. 

GEORGE W. VINAL, Chairman. 


Electrical Machinery 


ANNUAL REPORT OF THE COMMITTEE ON ELECTRICAL MACHINERY* 


fa the Board af Directors: 

At the beginning of this year, the Electrical Ma- 
chinery Committee adopted a new plan of organization, 
comprising apparatua subcommittees to deal with 
mattera in their respective Nelda, and, in addition, two 
weneral aubconmittees, ane responsible for the prepara- 
tian af the annual report and the other responsible for 
the review af papera aubmitted to the Inatitute, 

Kach apparatus subcommittee has dealt with such 
mattera aa the initiation of papers, collection of in- 
formation far use iy the annual report, the development 
and publication af useful information, and the initiation 
and preparation af Institute standards in cooperation 
with the tastitate Standards Committee, 

Kive apparatva committees have been organized 
during the year as follows: ‘Transformer with W. M, 
Dana, Chairman; Synchronous Machinery, W. d, 
Koster, Chairman: Induction Motors, P. L, Alger, 
Chairman; Dee Generators and Motor, A, M, 
MaeCutecheon, Chairman; Meroeury Are Rectifiers, 
BR. GQ, Jamieson, Chairman, 

Tre chairman of each subcommittee has organized 
& committee whose membership has inchided members 
from the Electeical Machinery Committee and members 
fram the Tastitate at large. While the membership 
af the Blectrical Machinery Committee has been some- 
what amatier than in previous years, there has been no 
trait placed upon the size of the several apparatus sub- 
committees, Each chairman has changed and inereased 
the membership of his subcommittee as the nature of the 
work to be done has changed and increased, 

The general committee on the annual report has 
consisted af C, W. Kincaid, chairman, and the chairmen 
a the varions subcommittees, While the chairman 
ef the anmnal report subcommittee has been re 
spoanniite for the preparation af the annual report, 
he has looked to the chairmen of the several apparatus 
subdcomantttees for material within their respective 
Reds. 

The general subcommittee on meetings and papers 
has been headed by the chairman of the main committee, 
aad he has called apon the entire membership of the 
committee for help in reviewing papers submitted by 
the Institute's Meetings and Papers Committee. 
“SRECTRICAL MACRENSRY: 

KB BD. Newuey, CQpaieaa, 
We We Speak Segresany, Westinghouse Blea, & Mi Og, Bast Pittsharsh, 


& A. Aaa, W. 2. Bester, BR. ©. Low, 

BR. Agen, Cy MA, Gita, A. M. MacOutcheon, 

KR BH Baiex, BH. NM. Bebars, Y. Mi. Meantsdaser, 

& b. Bare B. G. Raaiesoa, EB. C. Store, 

W. M. Dana, A. BM. Kehoe, RK. BR. Wiliamson, 
. W. Rineaid, 


Presented at He Ananel Convention of the A. 1, B. BY Denver, 
Cela, June 22a BRS. 


According to this plan of organization, the work 
of the committee has been subdivided among the 
various subcommittees, and whatever has been ac- 
complished by the Electrical Machinery Committee 
has been due to the initiative, sense of responsibility, 
and hard work of the subcommittee chairman. The 
chairman of the main committee wishes to take this 
opportunity of acknowledging the value of its work 
and expressing his appreciation of the large measure of 
responsibility they have assumed, 

The committee has held two general meetings during 
the year—one in October and another in February 
during the Winter Convention. In addition to these 
general meetings, the various subcommittees have held 
separate meetings as required by their programs. In 
general, the detail active work of the committee has 
been accomplished through the meetings and other 
activities of the subcommittees, 

The transformer subcommittee under the chairman- 
ship of W. M. Dann has completed very important work 
in connection with transformer standards. An appen- 
dix to Transformer Standards, Section 18 of the In- 
stitute Standards, has been agreed upon and submitted 
to the A, I, E, BE, Standards Committee for their con- 
sideration and action. This appendix covers recom- 
mendations for the operation of transformers by total 
observable temperature, and permits the operation of 
transformers at loads greater than the rated load 
providing the temperature of the cooling medium is 
below 30 deg. for air or 25 deg. for water. 

The transformer subcommittee has also had in 
preparation recommendations for standards of con- 
stant-current transformers. This work has been done 
under the immediate direction of H. C. Louis. 

The synchronous machinery subcommittee, under 
the chairmanship of W. J. Foster, has cooperated with 
the Institute’s Standards Committee and with the 
Sectional Committee of the A. E. S. C. in the revision 
of Section No. 7 of the Institute Standards. This 
subcommittee has in preparation recommendations 
for standards on eapacitators. 

The subcommittee on mercury are rectifiers, B. G. 
Jamieson, chairman, has been particularly active in 
initiating standards for this new type of apparatus and 
in collecting information concerning the application 
and operation of rectifiers in this country and in Europe. 

During the year, 17 papers have been presented under 
the auspices of this committee at the general and 
regional meetings of the Institute. These papers and 
the discussions resulting therefrom have made valuable 
contribution to design information on such subjects 
as the reactance of synchronous machines, turbine 
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nating corona around armature coils of high-voltage 
- machinery, methods of measuring cooling air, heat 


losses in the conductors of d-c. machines, excitation 
systems, and to the application information of two-pole 
synchronous motors, large frequency changers, etc. 

The following review of progress during the past 
year has been prepared by the various subcommittees 
having jurisdiction over the particular machinery 
involved under the general direction of C. W. Kincaid. 
An attempt has been made in this report to include the 
more important articles that have appeared in domestic 
and foreign journals. These appear in several bibli- 
ographies and there are undoubtedly articles of real 
merit which have been overlooked. The committee 
will welcome having such omissions brought to its 
attention. A new plan has been initiated in connection 
with the bibliography in this annual report. It has 
been the endeavor to include all important articles and 
papers published during the calendar year of 1927 and, 
in addition, the outstanding papers that have been 
published in 1928 up to the time of publication. Next 
year’s report will give a complete bibliography for 
1928, repeating the more important references included 
in this report. By this plan the complete bibliography 
will be for calendar years (thus agreeing, as to dates, 
with the bibliographies prepared by leading libraries) 
and in addition, recent important articles and papers 
will be included. 


TRANSFORMERS 

Very few engineers, with the exception of those 
intimately connected with the design of transformers, 
realize the remarkable changes that have been made in 
the design requirements during the last five years. 
With this in mind, we attempt to review in this report 
the factors that have brought about these changes and 
to show their effect on the developments of the past 
year. 

These factors have been brought about by the natural 
growth and the changing requirements of the electrical 
industry which are due to the increase in capacity of 
power plants and substations, the extension of high- 
voltage transmission to higher voltage and greater 
power concentration, and the development of what can 
be properly termed high-voltage distribution networks. 

These changes are responsible for the further develop- 
ment of the load ratio control transformer, the multi- 
winding transformer, and the varied winding auto- 
transformer. Such a unit not only steps up and steps 
down the voltage, but is frequently the meeting point 
of three or four voltages on the network, thus requiring 
three or four windings instead of two. Modern con- 
ditions also require that the voltages on various parts 
of a network be varied with the load. Thus it is no 
longer correct to speak of a “static” transformer. 
Gears, tap changers, and interlocking and remote 
control devices have been added for giving out and 
taking up the voltage slack of the system automatically 
as the load requires. 
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Then, too, the high-voltage distribution has resulted 
in many transformers with secondary windings of 
relatively high voltages. The 33-ky. secondaries have 
been quite common for some years. Now 66-ky. 
secondaries are often called for. Units are being built 
for 132 or 220-kv. to 66-kv. Even 110-ky. secondaries 
are appearing, and a bank with 140 ky. on both primary 
and secondary with load ratio has been built. This 
condition of having both windings at high voltages, 
of course adds to the physical size of a unit for a given 
kv-a. and since taps are frequently required in the 
secondary winding, they add to the difficulty of design- 
ing the unit. 

There is one other factor that is of sufficient impor- 
tance to mention. This high-voltage distribution with 
its increase in length of feeders has resulted in require- 
ments for greater tap range in voltage due to the higher 
reactance of the feeders. Thus the customary 10 per 
cent range in voltage is no longer adequate for every 
condition, and tap ranges from 15 per cent to 20 per cent 
are being specified by some operators. This require- 
ment adds to the size of the transformer and unbalances 
the design for it is practically impossible to maintain a 
balanced arrangement of the windings with respect to 
one another, except on one voltage connection. The 
unbalance increases with the tap range. Thus the 
larger the tap range, the greater the unbalance, the 
greater the change in reactance, and the greater the 
increase in short circuit forces. 

EQUIPMENT FOR CHANGING Taps UNDER LoaD 


The report for 1926 describes in detail two methods 
of tap changing under load; namely, the two winding 
and the single winding arrangements. 

During the year 1927, a large number of power trans- 
formers has been supplied with equipment for changing 
taps under load, with the ratio of the transformers 
changed by changing the voltage of a series transformer 
excited from a third winding on the core of the power 
transformers. This method permits the application 
of low-voltage tap changing equipment to high-voltage 
delta-connected windings and to high-voltage star- 
connected windings which are not grounded or to be 
grounded through a resistance. 

Fig. 1 is a typical diagram of connections for this 
method of tap changing. A series transformer is con- 
nected in series with the winding whose voltage is 
to be regulated. One side of the primary of the series 
transformer is connected to the midpoint of the regulat- 
ing winding, the other side of the primary winding being 
switched along the taps of the regulating winding by 
means of the tap-changing equipment. The familiar 
single-winding method is used for changing taps of the 
regulating winding. When power transformers are 
supplied with a third low-voltage winding for [power 
purposes, taps can be placed on this third or 
use with the tap changer at only slight additional 


expense. 
Three of the 10,000-kv-a. transformers shown in 
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Fig. 2 are used in a bank to transform 30,000 ky-a. from 
140,000 to 140,000 volts, with equipment on one side 
for changing taps under load. Oil-immersed contactor 
switches are used to change taps by the single-winding 
method. Since the high-voltage winding whose voltage 


Trarifernrrtr * 


SEQUENCE OF 
TAP CHAM GIA G 


Fig. 1—Scuematic DiaGRam oF CONNECTIONS FOR CHANGING 
Taps Unper Loap, Usine sa Series TRANSFORMER IN THE 
WINDING WHOSE VOLTAGE IS TO BE CHANGED AND THE RecGu- 
LATING WINDING 18 A THIRD WINDING ON THE SAME 
TRANSFORMER 


is regulated is connected in delta, a series transformer is 
connected inside the delta and is excited from a low- 
voltage tertiary winding. The tap-changing equipment 
is placed in the low-voltage winding. 

What is thought to be the world’s largest self-cooled 


Fic. 2—10,000-Ky-s. Power Transrormer—60 Crcte— 
SincLe-pH4se—140,000/140,000 Vouits, wits Loap Ratio 
Controt Equipment Mountep on THE Sipe. CoNNECTIONS 
as Suown In Fic. 1, wits Or lamersep Contactors are Usep 


transformer has recently been completed. It is rated 
at 33,333 kv-a., 220,000 volts star, to 69,000 volts star, 
to 13,200 volts delta. Seven of these units (one a 
spare) will be used to form two 100,000 ky-a. trans- 
former banks at the Plymouth Meeting substation of 
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the Philadelphia Electric Co. Power generated at the 
new Conowingo hydroelectric plant will be stepped © 
down from 220,000 volts through these banks for trans- 
mission through the present 69,000-volt Philadelphia 
system. The 13,200-volt windings will supply two 
44,000-ky-a. synchronous condensers for line regulation. 

These transformers while rated at 100,000 kv-a. per 
bank have three separate windings, with equivalent 
parts somewhat higher. With auxiliary cooling on the 
radiators, which is contemplated in the future, the 
equivalent two-winding loading which the transformers 
will deliver with low ambient temperatures is 200,000 
ky-a. per bank. 

Each transformer complete with oil weighs 180 tons 
and occupies approximately 500 sq. ft. of floor space. 
Some idea of the height of the tank is obtained by the 
fact that a six foot man can stand underneath the four- 
teen foot radiators as they are mounted on the tank. 
The height over the high-voltage bushing is 31 ft. 


Fic. 32—33,333-Ky-a. Power Transrormer—60 CrcLte— 
Sinoie-pHsse—220 /69/13.2 Ky. wirn Loap Ratio Conrror 
For THE 69-Ky. WinpbiINnG 


The construction used made it possible to ship the 
transformers in oil to their destination, notwithstanding 
the large capacity and high voltage. 

These transformers are provided with equipment for 
changing the voltage ratio of the middle voltage winding 
by means of tap-changing equipment located in the 
low-voltage winding. Only one extra tap is necessary . 
for the tap-changing equipment, as the low-voltage 
taps, which are used for the starting of the synchronous 
condensers are used for the tap-changing equipment. 
The single-winding method of tap-changing is used, 
with a type UB tap changer and preventive auto- 
transformer and series transformer. The preventive 
auto-transformer is switched along the low-voltage taps 
by means of the circuit breakers of the type UB tap 
changer. The midpoint of the preventive auto-trans- 
former and the midpoint of the low-voltage winding are 
connected to the primary of the series transformer, the 
secondary of the series transformer being connected in 
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series with the middle-voltage winding to give a voltage 
regulation of 15 per cent in six 244 per cent steps. 
Fig. 3 shows this transformer and equipment. 

Fig. 4 shows a 10,000-ky-a., single-phase, 35,000- 
volt transformer arranged for 20 per cent regulation, 
using 2 new type of tap changer of the single-winding 


Fie. 4—10,000-Ky-s. Power Transroruer—@) Crcte— 
SInGLE-PHASE—35,000 Voit, witH ConTRoL ror 20 Per Cent 
Voutrace Reevuiation, Usine THE Scueme or CoNNECTIONS 
SHown un Fic. 5 


method. Fig. 5 shows the scheme of connections in 
which the series transformer is connected in the line 
to be regulated and the primary of the transformer is 
excited from a low-voltage winding which in turn may 


SEPARATE PEGAATING TRAE 


NOTE.- REGAATING, SERIES ANDO PREt AUTO TRAHSFORWERS ARE 
PLACEO 1 OME TAME VUTH TAP CHAAGAD EQNPIAEMT Wan TED EXTESEMALLY 


SEQUENCE OF TAP CHAHGING 


O crew? BREAKER AND SYITCH CLOSED 


Fie. 5—Scuematic Diacram or CONNECTIONS FOR CHANGING 
Tarps Unper Loap Usise a Sentes TRANSFORMER AND A 
Reeuiatine WINDING, BOTH OF WHICH May Be IN THE Same 
Wispine 


be excited from any of the transformer windings. Only 
two tap-changing circuit breakers are used, an auxiliary 
oil-immersed tap-changing switch being used to do the 
actual tap-changing. One of these transformers is 
arranged for complete automatic control in response to 
fluctuation of the system voltage. 
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Fig. 6 shows tap-changing equipment applied to ten 
20,000-ky-a., three-winding transformers by means 
of separate regulating units. The regulating trans- 
former, which is excited from the low-voltage winding 
of the main transformer, and the series transformer 
are mounted in a separate tank to which the tap-chang- 
ing equipment is attached. 

Another interesting development is a 6850-ky-a., 


Fic. 6—20,000-Ky-«. Tures Wixpixc Power TransroRMER 
WITH THE Sexizes TRANSFORMER AND REGULATING TRANSFORMER 
Movunrep 1s « Seranate Tank To Wuicn THE Tar-CHANGING 
Equirment 1s Arracuep 


Fic. 7—6850-Ky-«4 Tuerr-pusse Power TransrormMer 
66,000 /60,000 Vours wirn 43 Per Cent Voirace RecuLation 
BY Means or Tarps axp Ispuctrion Recuiators 


three-phase, O. IL. S. C. 66,000- to 60,000-volt trans- 
former with type UR tap-changing equipment to give 
43 per cent voltage regulation under load. Three 60- 
ky-a., single-phase induction regulators are stepped 
across taps of the transformer to give smooth curve volt- 
age regulation over the entire range with an infinite num- 
ber of operating voltage positions. A three-phase induc- 
tion regulator to cover the same range would have to 
have a capacity of 1400 kv-a. The equipment is so 
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designed to be applicable to larger kv-a. transformers 
merely by the substitution of larger kv-a. regulators, 
and is built for future addition of automatic control 
which is responsive to voltage fluctuations of the 
system. Fig. 7. 
THe INEeTAIBE TRANSFORMER 

In addition to the 23,332-ky-a. transformers for 

Philadelphia Electric Co., four 33,333-kv-a., O. LS. C. 


Pian &233203-Ex-% Iseererea Powse Trassrormer 
PFO MO 16.500 Yours, 50 Crexes. Egureren wirs Avcxmrmey 


Are Cootrse ow Tee Rapretors 


eaeptt transformers for Southern California Edison 
Co. have been built. These transformers will be 
installed in 2 100,000-kv-a. bank, with a spare, at Long 
Beach Steam Plant No. 3, to operate on a 22(-kv., 
three-phase, S0-cycle system transforming from this 
voltage to 16,500 volts on the low-voltage winding. 
These transformers are two-winding units arranged 
with detachable radiators equipped with duct for air 
blast. Complete with blower equipment these units 
will each weigh approximately 98 tons and occupy 
a floor space of 360 ft. Over-all height from rail to 
bushing tip, approximately 32 ft. They will carry 60 
per cent normal load continuously with an ambient of 
49 deg. cent. without exceeding 55 deg. cent. when the 
blowers are not in operation. Blowing equipment is 
individual and mounted on separate base with wheels. 
By opening the duct at one point, complete blower 
ee ae ee 


Dr ed eta: dine cit eR Le 
lime starting characteristics. All motors, including 
spare unit, are arranged to be started and stopped 
together by relay actuated by temperature conditions 
shown in Fig. 8. 

In the Inertaire transformer, the breathing regulator 
allows in-breathing at a slight vacuum but prevents 
out-breathing until 2 pressure of 5 Ib. is developed in the 
transformer tank. Thus there is a definite relation 
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between theamount of initial gas space required and the 
change in oil volume to keep the transformer from 
breathing. 

With small transformers this relation can be obtained 
with 2 reasonable initial gas space, but as the size of the 
transformer increases, with its consequent reduction in 
gradient between copper and oil, it becomes desirable 
to decrease the amount of breathing by providing 
additional gas space to supplement the volume above 
the oil level. 

During the past year it has become customary to 
supply on all large transformers some additional gas 
space other than that above the oil, in order to cut 
down the amount of breathing of the transformer. 
This decrease in breathing reduces considerably the 
cost of maintenance of the Inertaire equipment for 
the chemicals of the Inertaire jars are used up in propor- 
tion to the amount of breathing which takes place. 

Several methods are used to obtain this additional 
gas space. 

The general practise, as shown in Fig. 9, is to place 
gas chambers beneath the oil level between the iron core 
and the tank. These are crescent-shaped compart- 
ments welded to the tank wall with or without a space 
between, depending upon the type of transformer. 
In a few cases ordinary expansion tanks have been 
supplied, filled with an inert gas and connected to the 
gas space in the transformer tank. These act as gas 
chambers and cut the breathing of the transformer down 
toa minimum. Another type of gas chamber consists 
of connecting a spare tank to the gas space of one or 
more transformers, and this auxiliary space provides 
the necessary gas space to prevent the transformer from 
breathing. In this way the maintenance cost of the 


Pre. 6 ermanad Tanks TO Paonbh MORE SPACE FOR 
Expansion or InerTAIRE AND THUS Repuce THE AMOUNT OF 
Brerataine 


Inertaire transformer in extremely large sizes which 
ordinarily breathe large volumes of air has been greatly 
reduced. 


There are approximately 85 different operating com- 
panies now using Inertaire transformers, with a total 
Inertaire transformer capacity of about 5.5 million 
ky-a. in service. 
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DISTRIBUTING TRANSFORMERS 

During 1927 a number of three-phase, 60-cycle, 
O. I. 8. C. manhole transformers of 300- and 450-kv-a. 
capacity were built. These transformers take power at 
approximately 11,000 volts, delta, and supply the 
low-voltage network at 199 volts star with a perma- 
nently grounded neutral for four-wire operation. 

Each transformer is fitted with the usual ther- 
mometer, oil-gage, drain, filter and sampling valves, 
and in addition, due to the possibility of vaults or 
manholes being flooded with water, each transformer 
is fitted with a high-voltage and low-voltage pothead to 
which lead-covered entrance cables can be attached. 
A three-phase tap changer in the high-voltage winding 
is also used and controlled by a single hand-lever, 
operated outside of the tank. In addition, the high- 
voltage side of the transformer is fitted with a three-way 
disconnect and grounding switch such that the high- 
voltage line can be open or it can be connected to the 
transformer or solidly grounded for protection when 
necessary to do any work on the unit. This switch is 
operated outside of the tank and can be padlocked in 
each position. Inside the tank is an electrical interlock 


Fic. 10—Turen-pHase Network TRANSFORMER HQuIPPED 
with JuNcTION Boxers AND CasBLE DISCONNECTING AND 
Grounpina Swircu in Primary Junction Box. JUNCTION 
Boxes Open. Swircu rn OpeRatTING Position 


which automatically locks this switch when the trans- 
former is energized. 

An all-welded boiler-iron tubular tank is used with 
the high-voltage and low-voltage potheads made as an 
integral part of the tank. Each tank has a structural 
steel base to facilitate any moving of the transformer 
during installation. Lifting eyes are provided to 
handle the complete transformer. (Fig. 10.) 


CURRENT TRANSFORMERS WITH NICKEL-IRON CORES 


The errors in a current transformer are due to the 
characteristics of the core material used. When this 
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material has high losses and low permeabilities, the 
errors will be much larger than when the material has 
low losses and high permeabilities. Research work has 
resulted in the development of a new magnetic material 
called Hipernik which possesses exceptionally low losses 
and high permeabilities. 

By the further development of a special magnetic 
circuit, which permits fuller use of the exceptional 
qualities of Hipernik, current transformers have been 
developed in which the errors are practically negligible, 
and far less than heretofore possible to make them using 


Fic. 11—Precision Current TRANSFORMER Usina HypEeRNIK 
STEEL 


silicon steel. The application of these transformers is 
not confined to any particular class of secondary bur- 
dens, but may be used with any type of secondary 
burden within the rating of the transformer. Fig. 11 
shows the appearance of one type of transformer 
developed. 


Some current transformer units for use on 154,000- 
volt circuits were built during 1927. These are, so far 
as is known, the highest voltage instrument current 
transformers ever produced. Fig. 12 shows an interior 
view of one of these units. 


The voltage limit in potential transformers was 
carried to a new figure in the manufacture of some units 
built for operating on a 220-kv. system in the East. 
Fig. 18 shows an external view of one of these 
transformers. 


A NEw TESTING OUTFIT FOR INSULATING OILS 


The importance of keeping a careful check on the 
dielectric strength of oil used for insulation purposes is 
readily recognized. In most testing sets the variable 
high voltage necessary for testing oil is secured by 
switching a low voltage between taps on the primary - 
side of the transformer. This method requires that 
the transformer be deenergized and then reenergized 
between taps. Such a method introduces distortions 
in the test voltage which lead to erroneous interpreta- 
tion of the oil failure. A new method in which the 
transformer is energized at all times during an oil test 
has been devised and incorporated in a testing set shown 
in Fig. 14. In this set, the test voltage can be raised 
fairly smoothly without the introduction of transients; 
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hence, the voltage observed from the meter is a correct 
indication of the voltage at which the oil was tested. 

The complete set is arranged in an aluminum case 
and can be carried in the same manner as a suitcase. 
It operates from an ordinary light socket at 110 volts, 
60 cycles. 

The a-c. high-voltage testing sets furnished during 
the year included complete equipment for several new 
laboratories. There were transformers, each rated 
60 cycles, 300/600 kv-a., 250,000 to 1150/2300 volts and 
designed for chain connection to give 750,000 volts to 
ground. Individually, they are guaranteed for con- 
tinuous operation and so far as known are the highest 
voltage units ever built for such service. 

‘For use in making commercial tests on cables, there 


Fic. 12—Instrument Current TRANSFORMER FOR 155,000- 
Voir Circuit. 200/400 AMPERES 


were built some 400-kv-a., 200,000-volt transformers, 
two of which were arranged in series to give 400,000 
_ volts to ground. 

One of the most complicated little testing trans- 
formers ever designed is one rated 60 cycles, 1.5 kv-a., 
5010 to 110/220 volts, shown in Fig. 15. The high- 
voltage winding is so arranged that practically any 
voltage between 2 and 5010 may be obtained. Low 
reactance was specified and the measured impedance 
was 0.244 per cent. 


D-c. KENOTRON TESTING SETS 
Two 400,000-volt sets, placed in service during the 
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past year, gave the highest d-c. voltage so far used in 
commercial work. One of these installations is shown 
in Fig. 16. 

There were several new equipments developed during 
the year, one, a 7500-volt set illustrated by Fig. 17, is 


Fic. 13—InsTRUMENT PoTeNTIAL TRANSFORMER FOR 220,000- 
Voit Grounpep Crircuir 


unique in that it will be used for tests on 600-volt d-c. 
distribution feeders, a new application. 
CABLE ENTRANCE JUNCTION Box TRANSFORMERS 


The development of higher-voltage cables, the desire 
of operators to avoid exposed connections, and espe- 


Fie. 14—PortTaste Testinc Ovtrir ror CHECKING THE 


Quatity or TRaNsrormMerR Os 


cially the difficulty of making satisfactory end-bells, led 
to the adoption of transformers with cable entrances— 
the cable either terminating directly inside the trans- 
former tank, or terminating in oil or compound-filled 
junction boxes which are connected to the transformer 


Oct. 1928 
by means of bushings, both ends of which are immersed 
in oil. 

Frequently, the necessity for routine testing of the 
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Fic. 15—Lasporatory VARIABLE Ratio TRANSFORMER, 1.5/5010 
Vouts 


Fic. 16—InstTauuation oF 400,000-Voir D-c. Caste Testine 
Ser 


Fie. 17—D-c. Caste Testinc Ser. 7500 Vours Enp 


GROUNDED 


cable requires means of readily disconnecting the cable 
from the transformer. To an increasing extent, dis- 
connecting switches are fitted in the junction boxes with 
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special testing bushings, so that the cable can be 
switched from the transformer to the testing connection 
or to the ground. Fig. 18 shows an installation of such 
transformers. 

A notable example of the adoption of this means of 
protection is found in the group of 20,000-kv-a., water- 
cooled transformers, furnished by one manufacturing 
company for the State Line Generating Company. 
These consist of 17 single-phase and 4 three-phase units, 
all of which receive current from the generator at 22,000 
volts. The high-voltage ratings of seven of the single- 
phase units is 132,000 Y, the remaining ten being 
66,000 Y, and three-phase units 33,000 Y. All these 
transformers are provided with cable-entrance bushings 
on the low-voltage side and all but the 132,000-volt 


™ Fig. 18—InsTaLuaTION oF PoTHEAD TRANSFORMERS WHICH 
Comping THE CABLE PoTHEAD WITH THE ToP OF THE 
TRANSFORMER 


units are equipped with cable-entrance bushings and 
self-contained disconnected switches on the high-voltage 
side. These transformers are also provided with load 
ratio control. 
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SYNCHRONOUS MACHINES 


The tendency toward larger machines in certain 
lines continued throughout the year 1927. This was 
true especially in connection with steam turbine gen- 
erators, the sizes of which went up in erratic steps to 
160,000 kw. for a single-shaft unit, and to 208,000 kw. 
for a three-shaft unit. 


The trend in mechanical design was away from 
castings, so generally employed heretofore, since 
the first electrical machines were made, to the use of 
fabricated structures for practically all parts of the 
machine. These structures are made by welding 
together standard plates and standard structural 
shapes, such as beams, channels, and angles. 

The trend in electrical design has been toward all 
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possible reduction of losses and, consequently, attain- 
ments of higher efficiencies. The attack has been made, 
for the most part, on load losses, especially the losses in 
the mechanical parts due to stray fluxes. 

Considerable thought has been given to the matter of 
improving the stability of machines by quick response 
excitation and superexcitation. A number of installa- 
tions of such systems of excitation were in contem- 
plation at the end of the year. Investigations and tests 
in the shops of various manufacturers were carried on. 


HYDRAULIC GENERATORS 


There has been an increasing number of installations 
where automatic operation or distant control has been 
introduced. 

Outdoor installation of hydraulic generators was — 
often under consideration, but no important installation 
was made during the year. 

Great interest was shown during the year in the 


Fig. 19—Srctrion THrovuax 40,000-Kv-a. VerticaL WATER- 
WHEEL GENERATOR AND TURBINE 


progress of the Conowingo Development on the Susque- 


. hanna River in the State of Maryland, under the di- 


rection of Stone & Webster, for the Philadelphia 
Electric Company, owners of the plant. The Annual 
Report of the Electrical Machinery Committee for 
1926-27 gives considerable data on the generators, 


which are 40,000 kv-a., 81.8 rev. per min., 18,800-volt, 


60-cycle machines. The present development consists 
of seven units; see Fig. 19, assembly in cross section of 
the combined wheel and generator. Six of these units 
were in operation June 1, 1928. 


Both manufacturers introduced fabricated steel 
plate structures, but one of them used it to a greater 
extent. Practically the only parts of its machine that 
were made of castings are the upper bearing bracket 
and the hub of the rotor. Probably the most interest- 
ing and novel part of this generator is the rotor spider. 


- Views of plate rim and arms are shown in Figs. 20 and 21. 
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At the close of the year one manufacturer reported a 
list of large hydraulic generators that had been put into 
operation, or had been made in its shops, or for which 
orders had been received during the year as follows: 


2-45,000-ky-a., 50-cycle, 11,000-volt, 250-rev. per min. horizontal 
generators are the largest of their type yet undertaken; 

4-29,000-ky-a., 12,000-volt, 60-cycle, 100-rev. per min. vertical 
generators, with direct-connected auxiliary generators which 
supply power for motor-generator exciter sets arranged for 
quick response excitation; 

2—45,000-ky-a., 13,800-volt, 60-cycle, 400-rev. per min. vertical 
generators, with direct-connected exciter and pilot exciter; 

2-45,000-kv-a., 13,200-volt, 60-cycle, 150-rev. per min. vertical 
generators; 

2-22,500 kvy-a., 60-cycle, 6600-volt, 120-rev. per min. vertical 
generators, with direct-connected exciters; 

2-28,000-kv-a., 50-cycle, 11,000-volt, 300-rev. per min. vertical 
generators, with direct-connected exciters. 


Another manufacturer reported installation and 
putting into service during the year two plants where 


Fic. 20—AssempBtep Roror Run ror 40,000 Ky-a. Cono- 
WINGO GENERATOR 


the closed systems of ventilation were introduced. 
One of these is the low-head plant of the Louisville 
Gas & Electric Company on the Ohio River, which 
contains eight 12,550-kv-a. vertical 60-cycle generators 
running at 100 rev. permin., arranged for remote 
control. See Fig. 22. The other plant is that of the 
Washington Water Power Company, Lake Chelan, 
Wash., containing two 30,000-kv-a., 300 rev. per min., 
60-cycle vertical units, the first one of which was put 
on the line during the fall. 
The scheme of circulation of air is practically the 
same in the two plants. Eight water coolers are 
assembled at approximately equal intervals around the 
circumference, and arranged in pairs for circulating 
the air. In case of the smaller and lower-speed gen- 
erator, all of the air passes into the pit underneath the 
generator and is driven out through the stator cores and 
windings by fans on the rotor, passing into the several 
sections of the stator frame and through the coolers, 
dropping down into conduits leading back into the pit. 
Every pair of coolers has an outside housing attached to 
the stator frame. In case of the larger and higher- 
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speed generator, the outside housing is continuous, 
making a complete circle outside the stator frame, but 
the air into and out of every pair of coolers divides, a 
part of it passing upward and returning into the rotor 
via one of the four air pipes that connect into a common 
air,chamber surrounding the top of the machine, and 


Fic. 21—AssemBiina Rotor SpiperR FoR CoNOWINGO 
GENERATOR 


the rest of the air passes downward into conduits in the 
concrete foundation, and thence back into the rotor. 


STEAM TURBINE GENERATORS 
Two or three European manufacturers of steam 
turbine units have designed or built 3000-rev. per min. 
generators with ratings as great as 37,500 or even 40,000 
kv-a. The American manufacturers are more in- 
terested in 3600 rey. per min., or 60-cycle generators; 


Fia. SHowina CooLers 


22—-WaATER-WHEEL GENERATORS 
ATTACHED TO Frame 


12,500 kv-a. generators of this speed were made during 
the year and 15,625 kv-a. was designed. 

ks, The large 1800-rev. per min. generator mentioned in 
last year’s report was installed and put in service 
during the year at Waukegan, Ill. It is rated 59,000 
kv-a., 50,000 kw., 12,000 volts, and uses the closed 
system of ventilation with two external blowers and 
fin-type radiators. The operation of the generator has 
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been satisfactory, especially in respect to quiet running 
and low temperature in both rotor and stator. 

Skeleton types of stator frame, consisting of steel 
plate, welded or riveted, in place of castings, have been 
quite generally designed and built, especially for the 
largest generators. This construction results in ma- 
chines that are not so limited by shipping facilities. 

Among the more noteworthy large generators in 
process of manufacture is the cross-compound 188,000- 


Fic. 23—Ttrso GENERATOR STATOR WITH VENTILATING OUTER 
SKELETON ParTLy ASSEMBLED 


ky-a. unit for the New York Edison Company, which 
consists of two 94,000-kv-a., 13,800-volt, 60-cycle, 
1800-rev. per min. generators. These are the largest 
1800-rev. per min. generators yet built. This unit is 


Fie. 24—Hyrpratcric Bott Putter ror Ticurentinc THRovucH 
Bouts ry Pirate Tree Turso Roror 


of special interest in that the separately driven fans 
for supplying the cooling air are the vertical type 
driven by 3600-rev. per min. induction motors, three 
fans in all, mounted between the generators. The air 
is discharged from the top of the generators into a com- 
mon chamber from which the fans take it and pass it 
through the coolers back into the generators. 

This same company has extended the use of the 
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skeleton stator frame to all large 1800-rev. per min. 
generators where shipping limitations require it. Fig. 23 
shows a turbine generator with part of the superstruc- 
ture installed. 

This company has developed the plate rotor with 
forged shaft ends, and also has developed a hydraulic 
bolt puller for fastening together plates and shaft 
ends. A partial view of one of these rotors in the bolt- 
pulling machine is shown in Fig. 24. Two bolts can 
be pulled at the same time. The nuts are run on by 
hand after the plates are stretched, and this practise 
prevents thread friction and galling under the nuts. 
An improvement introduced during the year, in con- 
nection with built-up plate rotors, has been the making 
of the plates with holes in the center, in connection 
with which it has been found possible, by proper heat 
treatment, to raise the elastic limit on carbon plates 
from 23,000 to 55,000 Ib. 

During the year, the single-shaft generator units 


Fic. 25—Innek Sxeveton Srevervrat Frame vor Turso 
GENERATOR 


put into service by another manufacturer are as follows: 

75,000-ky-a., 0.8-p.f., 1800-rev. per min. generator 
in the Edgar Station of the Boston Electric Illuminating 
Company, with direct-connected house service gen- 
erator of 6250 kv-a., 0.8 p. f.; 

A 55,000-kv-a., 0.9-p. f., 1800-rev. per min. generator 
in St. Louis. This generator has fans on the rotor and 
is at the present time the largest self-ventilated ma- 
chine at 1800 rev. per min. that this company has built. 

The first of this company’s 22,000-volt generators was 
completed. It is 61,765-kv-a., 0.85-p. f., 1800-rev. per 
min. with direct-connected house service generator of 
3571-ky-a., 0.7 p.f. It is to be installed in the Power- 
town Plant of the Superpower Company of Illinois. 

The first of the two 100,000-kv-a., 1500-rev. per min., 
50-cycle generators for the Southern California Edison 
was practically completed at the end of the year. The 
wound stator is shown in Fig. 25, while the outer stator 
frame is shown in Fig. 26. 

Other single-shaft units in process of manufacture 
at the close of the year were a 66,667-kv-a., 0.9-p. f., 
1800-rev. per min., 60-cycle generator, an 83,333-kv-a., 
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0.9-p. f., 1500-rev. per min., 25-cycle generator, and a 
160,000-kv-a., unity power factor, 1500-rev. per min., 
25-cycle generator. One of the features of the con- 
struction of the 160,000-kv-a. is the arranging of the 
stator winding as two entirely independent windings, 
each having capacity of 80,000 kv-a., connected through 
separate switches to adjacent bus sections. Two 
distinct advantages are to be obtained by this scheme; 
first, reduction in size of the individual switches; second, 
the elimination of bus reactors made possible by the 
transfer of power taking place through the coupling 
effect of the two separate windings. 

In multiple-shaft units, it has nearly completed 
a 165,000-kv-a., consisting of three generators of prac- 
tically the same rating for the American Gas & Electric 
Company, Philo Station. It also has begun work on a 
208,000-kw. unit for the State Line Company con- 
sisting of one 89,412-kv-a. generator, and two 72,941- 


Fig. 26—Ovrer SxeLteton Srructurat FRAME For TURBO 
GENERATOR IN Fia. 25 


ky-a. generators, all at 1800 rev. per min. and wound 
for 22,000 volts. 

The advantages secured by the use of skeleton frame 
construction were set forth somewhat in detail in last 
year’s report. They appertain chiefly to the matter 
of shipment. It has been found possible to design all 
three of the large generators in the 208,000-kw. triple- 
shaft unit State Line, with skeleton type frames, so 
that they may be wound at the factory and shipped 
complete, no outer frame or superstructure being 
required. 

An advantage obtained by designing the stator 
frame with inner and outer parts like those shown in the 
photographs pertaining to the 100,000-kv-a., is the 
facility with which such machine may be made fit 
to contain some gas other than air in its ventilation 
system. There will be involved simply the removal of 
the outer frame and the substitution of a gas-tight 
structure of welded steel plates. 

Additional tests in an atmosphere of hydrogen 
have been conducted during the year on the 6250-kv-a. 
generator mentioned in last year’s report. 
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MARINE TURBINE GENERATORS 


During 1927 the two airplane carriers,—the 
Lexington and the Saratoga, were put into commission. 
They are the largest electrically-equipped ships afloat. 
Each has four 40,000-kv-a., 1755-rev. per min., 5000- 
volt generators. The motors, direct-connected to the 
propellers, are induction motors. 

During the year the SS. California, plying from New 
York to San Francisco via the Panama Canal, was 
equipped, with a 48-cycle steam turbine generator, and 
synchronous motors. The ship isa large one of slightly 
more than 30,000-tons’ displacement. The two tur- 
bine generators are rated 6600 kw. each, at 48 cycles. 
The reversible synchronous motors are 8500-hp. each, 
at nominal speed of 100 rev. per min. The speed of the 
ship is to be 18 knots with both turbines running. 


U.S. CoAst GUARD CUTTERS 


The economy of the centralized power plant has 
been adapted to the machinery now being installed in 
five U. S. Coast Guard Cutters. The machinery 
consists of a main turbine generator rated 2600 kw., a 
3000-hp. synchronous propelling motor, condensing 
equipment, and electrified auxiliaries. In addition 
are two dual-drive units, each consisting of a high- 
speed turbine and gear, a direct-current generator, and a 
synchronous machine that is used either as a generator 
oramotor. Under the usual condition of operation the 
power for a-c. auxiliaries is supplied direct by the main 
generator and for the d-c. auxiliaries from the same 
source through the dual-drive unit. By this method 
of using the main turbine generator to furnish power for 
auxiliaries the total steam consumption has been 
materially reduced. During maneuvering or when the 
main unit is secured, all auxiliary power is supplied by 
the dual-drive unit, driven by its turbine. 


SYNCHRONOUS MOTORS 


An increasing demand for synchronous motors was 
in evidence during the year. Undoubtedly it is safe 
to say that they are now being applied in certain cases 
where induction motors were formerly thought neces- 
sary. They are being introduced into steel mills where 
they were not formerly considered. 


There was a decided demand during the year for 
“full voltage’ or “across-the-line” starting. This 
has probably resulted from the fact that better starting 
torque efficiency has been introduced into synchronous 
motors by more skilful design, and to the fact that the 
systems on which they operate have become larger, 
relatively, to the individual motor. 

For applications where the starting requirements 
are most severe such as driving large grinders in cement 
mills, as a rule, salient-pole machines have been fur- 
nished, many of them with double squirrel-cage starting 
windings, some with magnetic clutches, and some of the 
so-called “‘supersynchronous” type. The last-named 
consists of a motor with a stator that may revolve, 
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and be brought up to synchronous speed with the rotor 
at rest, and with the clamps arranged to exert a braking 
effect on the stator to bring it to rest while the rotor 
comes up to full speed. 

Another company has built during the year induction 
synchronous motors as large as 1500 hp. at 163 14 rev. 
permin. Fig.27showsa 1500-hp. motor that has been 
in operation at the plant of the Atlas Cement Company. 
It starts like an induction motor with definite wound 
secondary and external resistance. After attaining 
rated speed, d-c. excitation at 50 to 60 volts is supplied 
from a small induction motor-driven set. Excitation 
required is, approximately, 500 amperes. It is to be 
noted that the windings in the rotor are much deeper 
than in an induction motor, since these windings serve 
as synchronous motor excitation windings. 


SYNCHRONOUS CONDENSERS 


Quiet operation has been emphasized in connection 
with the placing of orders for many of the synchronous 


Fic. 27—1500-Hpe. 16314-Rev. Per Min. Syncnronots Motor 
. For Use 1n Cement Mitt 


condensers built during the year. Two installations of 
5000-kv-a., 750- or 900-rev. per min. condensers were 
made for the City of Los Angeles which were provided 
with the closed system of ventilation, containing ra- 
diator type of coolers mounted in the condenser 
foundation. 

It is interesting to note that during the year two of the 
50,000-kv-a. synchronous condensers for the Southern 
California Edison Company were put into operation in 
two substations in Los Angeles. These large condensers 
also had the closed system of ventilation with air coolers 
underneath. It is probable that the purchaser of these 
condensers specified this method of cooling not so much 
on account of the reduction in noise as because they 
were machines of very large capacity at high speed, 
and also for the reason that he wished to equip the 
substations with carbon dioxide gas, or some other 
fire-extinguishing compound. 

A 7500-kv-a., 900-rev. per min., 60-cycle condenser 
was installed in Malden, Mass., and a 10,000-kv-a., 
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900-rev. per min. in Springfield, Mass., both with 
closed systems of ventilation and air coolers. The 
reduction of noise to a minimum was the consideration 
in both cases. 

Two synchronous condensers to be installed out- 
doors, and for hydrogen operation, were in process 
of manufacture during the year. The smaller of these, 
10,000-kv-a., when operating in air, and guaranteed 
to be at least 12,500 kv-a. when operating in hydrogen, 


Fic. 28—Hyprocen CooLtep SyNcHRONOUS CONDENSER WITH 
Enp Bett RemMovep 


Fie. 


29—7500-Ky-a. 
STRUCTURAL FRAME, END BELLS, AND BEDPLATE 


SyNcHRONOUS CONDENSER SHOWING 


was*completed during the year, but not tested at the 
close of the year, except to be filled with the most explo- 
sive mixture of hydrogen and oxygen. It exploded 
in the explosion-proof pit. This was done to make sure 
that no damage would be done to the structural parts 
of the machine in case of an explosion. Fig. 28 shows 
this condenser in the testing pit, with head removed, 
revealing the coolers, which are semicircular in shape 
and arranged two at each end. 

Most companies are now building the 5000-, 7500-, 
and 10,000-kv-a., 60-cycle condensers at 900 rev. per 
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min., instead of 720, thereby reducing weight, floor 
space required, and total losses. 
Fig. 29 shows a 7500-kv-a. (condenser) with struc- 
tural steel frame, end bells, base, sub-pedestals, etc. 
Three 30,000-kv-a. condensers at 720 rev. per min. are 
now building for Philadelphia. 


FREQUENCY CONVERTERS 


Nearly all frequency converter sets have synchronous 
machines at both ends. Probably the largest set of this 


Fie. 30—21,400-Ky-a., 25-Cyrcite SINGLE-PHASE FREQUENCY 
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type made during the year was a 29,400-kv-a., 25- to 
60-cycle. 

In cases where some flexibility in the voltage-tie 
between two systems is desirable, induction frequency 
converters may well be used. Such need may arise 


CONVERTER 


SYNCHRONOUS 


Fig. 31—4200-Kw., 25-Cycip 


in the operation of synchronous converters, some of 
them from one of the systems, and some from the other, 
that. feed direct current into common lines. Such a 
condition exists in New York City where large induction 
frequency converter sets have already been installed. 
Orders were placed during the year for two more 40,000- 
kw. sets. 
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Fig. 30 shows a set rated 35,300 kv-a., three-phase, 
at the 60-cycle end, and 21,400 kv-a., single-phase, at 
the 25-cycle end, 13,600 volts. The 25-cycle end has a 
spring mounted stator frame. This set has been placed 
in operation in Philadelphia. 

Orders have been placed for three 15,000-kw., 
60- to 25-cycle sets for the same city. The rating of 
the 25-cycle, single-phase generator is to be 21,428 
kv-a., 0.7 power factor. There have been furnished 
during the year two 60- to 25-cycle frequency changers 
for New Haven road, in which the 7140-kv-a., 25- 
cycle, single-phase generators had spring-mounted 
stators. 

In certain cases, where the frequency converter serves 
as a tie between two systems, and is relatively small in 
comparison with the smaller of the two systems, 


Fie. 32—4200-Kw., CONVERTER. 


25-CycLE SYNCHRONOUS 
Usine Bent Stas Frame AND ROLLER BEARINGS 


Scherbius sets, or some equivalent that has flexibility 
in the frequency ratio, should be employed. 

Two sets of this type were being installed at the end 
of the year and one was put in service in April. These 
sets are to connect the 25- and 60-cycle systems of the 
Niagara Lockport and Ontario Power Company and 
are the largest sets of this kind yet built. The set is 
rated 25,000 kv-a., 20,000 kw. on the synchronous 
machine end and the induction motor which is rated 
28,000 hp., 95 per cent leading power factor has the 
the largest rating of any induction motor in operation. 


SYNCHRONOUS CONVERTERS 

Fig. 31 shows the commutator end of one of the two 
4200-kw., 25-cycle lighting type converters for Edison 
three-wire service that were built on a certain order. 
The voltage range is 240 to 300, obtained by com- 
bination of transformer tap changing and field control. 
The base is structural steel. 

Fig. 32 shows the collector end of a converter of the 
same rating, 4200 kw. The construction shown 
is typical of the present practise of one manufacturer. 
It utilizes a bent steel slab magnet frame, steel lugs 
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welded on the sides to bolt the two halves together, and 
plate feet electrically welded to the lower half. The 
roller bearings are the first application made by this 
company of such bearings to a large converter. The 
pedestal supporting the bearing is made entirely of 
plates, cut and bent to shape, and electric welded. 


There were built during the year, four twelve-phase, 
4200-kw., 270-volt converters which are probably the 
largest twelve-phase converters in service in this 
country or abroad. The transformers were split into 
two sections, half being mounted on either side and 
connected to the brush-holder studs by copper bars, 
thus making a compact installation. 


Also there were built four 5800-kw., 580-volt, 25- 
cycle converters for electrolytic work, the largest 
25-cycle converters yet made for such service. 
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INDUCTION MOTORS 


The year 1927 resembled 1926 in the absence of 
spectacular or revolutionary achievements which specif- 
ically could be associated with the year in question. 
Satisfactory progress seems to depend more and more 
upon careful improvement of details in design, manu- 
facture, and application. More complete and accurate 
knowledge of problems in lubrication, ventilation, 
balance and vibration, noise, and magnetic character- 
istics of materials, finally results in smaller, cheaper, and 
more satisfactory motors. Few really novel principles 
may be introduced into practical applications, but the 
principles already available are being more appropri- 
ately employed. 


QUIET MoToRS ' 
Increased use of motors within office buildings, 
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hotels, theaters, etc., has involved a demand for more 
rigorous standards of quiet operation. These standards 
are being met by more careful attention to several 
factors of design, especially of the magnetic circuit. 

In addition to the improvements thus obtained in the 
reduction of magnetic noise, steps also have been taken 
with satisfactory results to reduce noise due to windage. 
In the case of some 2000-hp., 1800-rev. per min. blower 
motors for the Boston Edison Electric Light and Power 
Co., in which very quiet operation was desired, the 
result was secured by furnishing mufflers in the air 
outlet of the motors. 


TOTALLY ENCLOSED MOTORS 


Lines of enclosed fan-cooled motors recently have 
been brought out which embody improved methods of 
circulating the air within the motor frame. These 
motors are much smaller and more economical than 
previous types, and so have extended the possibilities 
of applying motors in wet and dusty situations. The 
improvements in this type of motor represent a more 
exact knowledge of the process of removing and dis- 
sipating the unavoidable losses of the motors and the 
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reduction of these losses wherever possible. (Fig. 33.) 


Low STARTING CURRENT MOTORS 


The increasing demand for high-impedance motors 
with adequate starting and pull-out torque has been 
met by careful studies of the principles introduced 
many years ago by Boucherot and others. It is only in 
recent years that a successful compromise between the 
inherent limitations of this principle and the current 
requirements of industrial applications has been reached. 
In 1927 the field thus covered has been extended still 
further, and several manufacturers now offer extensive 
lines of motors of this type. One manufacturer has 
brought out a new motor having movable steel bars in 
the rotor slots, which give high reactance at starting, 
but which are thrown out by centrifugal force as the 
motor accelerates, thus securing lower reactance in 
normal operation. 


FREQUENCY CONVERTERS 
Frequency changers of the synchronous-synchronous 
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type have been covered under the synchronous 
machines. 

There are two other types of frequency changers, both 
of which use induction motors. 

The synchronous-induction type uses a synchronous 
motor in concatenation with an induction motor, and 
provides a voltage tie as well as a frequency tie between 
the two systems. Several of these sets have been in- 


Fie. 34—15,000-Kw. SyncHronous INDUCTION FREQUENCY 
CHANGER, 25/60 CyrcLEs 


stalled in Brooklyn and two more are in process of erec- 
tion. The synchronous motor is 10 poles and the 
induction motor is 14 poles and rated 42,000 kv-a., 300 
rev. per min., 13,800 volts stator and 2700 volts rotor. 
(See Fig. 35.) 

Another of this type of 15,000 kv-a. has been in- 
stalled by the Potomac Electric Light & Power Co. 


Fie. 35—35,000-Kw. Syncnronovus INpDuUcTION FREQUENCY 
CHANGER Durina ASSEMBLY AS SEEN FROM THE INDUCTION 
Moror Enp 


(See 
Fig. 34.) 

The adjustable ratio frequency changer uses an 
induction motor as the driving member and some means 
of speed control to adjust the speed to suit a change in 
frequency. Their advantages are that it is possible to 
use sets of smaller capacity than if they were of the syn- 
chronous-synchronous type. The amount of power 
and its direction can be controlled at the set by settings 
of the relays which control its action. It is much easier 
to synchronize due to the adjustable speed control on 
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the induction motor. These advantages are offset by 
increased cost, a little less efficiency, and added com- 
plications to the control. 

In several cases, however, they have been chosen as 
the correct type, as at New Haven and Long Island 
R. R. in railway service and in several points on the 
Niagara Power 25-cycle lines where other 60-cycle 
systems desire power. The 25-cycle system is not so 
constant as desired by the 60-cycle systems and the 
adjustable ratio set allows the 25-cycle circuit to vary 
and still have constant 60 cycles on the synchronous 
machine. 

Four of these sets, rated 5000 kw., were installed last 
year and are used to convert power from polyphase to 
single phase for railway service in the New York dis- 
trict. One of the sets for tying together power systems 
is now running at the Niagara Lockport & Ontario 
Power Co. These sets are the largest of this type, each 
consisting of a 25,000-kv-a., 2000-kw., 60-cycle syn- 
chronous machine and a 28,000-hp., 25-cycle induction 
motor, both at 12,000 volts. They tie in the 25- and 
60-cycle systems and run at 300 rev. per min. The 
synchronous motors have 24 poles and the induction 
motors 10 poles. These sets deliver a constant 60 
cycles on the synchronous machine when the 25-cycle 


Fic. 36—Suor Virw or 20,000-Kw. ApsusTaBLE Ratio FRE- 
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system varies between the limits of 2 per cent below and 
1 per cent above normal. The auxiliary commutator 
machines are direct-connected to the main shaft, and 
are excited on their rotor winding through collector 
rings. (Fig. 36.) 


HIGH-SPEED Motors 
An increasing tendency to the use of high-speed 
motors for driving centrifugal pumps and air com- 
pressors was the practise in 1927. A relatively large 
proportion of these are being used for oil pipe line 
pumping, motors of as much as 250 hp. at 3600 rev. 
per min. being used for this purpose. 


SHIP PROPULSION 


Although synchronous motors have been found pref- 
erable in some types of ship-propulsion equipment, the 
cases in which induction motors are still required are 
more numerous than was anticipated at the time the 
synchronous motor drive was introduced. 

During the year, the second electrically-equipped 
self-unloading ore-carrier for the Great Lakes was 
completed and put in service, after satisfactory trial 
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trips. This vessel had induction type main propulsion 
motors, and is the largest and most powerful ore-carrier 
on the Great Lakes. Induction motor drive is required 
on account of the exacting standards of flexibility in 
maneuvering imposed by the conditions of operation. 
Toward the end of the year the two airplane carriers 
U.S. S. Saratoga and U.S. S. Lexington were placed in 
commission and have been operated on their own power, 
although not as yet to full capacity. These induction- 
motor equipments were designed several years ago, 
and during the protracted period of ship construction 
have attracted attention on account of the great con- 
centration of power involved. 


Each of the 8 motors in each ship is rated at 22,500 
hp. at 320 rev. per min., providing 180,000 for the ship. 
The size of these induction motors in hp. rating has 
been exceeded only recently by the induction motor on 
the adjustable ratio frequency changer sets mentioned 
above. 


STANDARDS 


Agreements between the different manufacturers on 
standard shaft diameters and other dimensions have 
resulted in a recent general revision of general purpose 
induction motor designs. General advantage has 
been taken of this change to improve the design of 
bearings by the provision of larger oil wells and better 
methods of preventing oil leaks. 


LIST OF REFERENCES TO LITERATURE SURVEYING 
THE DEVELOPMENT OF THE INDUCTION 
MOTOR IN 1927 


GENERAL REVIEWS 


Recent Improvements in Large Induction Motors, by D. F. 
Alexander. A. I. E. E. Ju., Nov., 1927, pp. 1167-75. 

‘“New Type of Single-Phase Induction Motor, by J. Biermanns. 
Arch. f. Elek., Jan. 6, 1927, pp. 519-36. 

“Study of Multi-Speed Polyphase Induction Motors,” by 
H. De Pistoye. Rev. Gén. del Elec., Nov. 5, 1927, pp. 725-45. 

“Current Rushes in Induction Motors during Switehing 
Operations and the Action of Auxiliary Resistances,” by H. 
Koeher. Brown Boveri Rev., Sept., 1927, pp. 227-33. 

“Induction Motor Characteristics and Curves,” by B. G. 
Lamme. Elec. JI., Sept., Dee., 1926 and 1927, Vol. 23, pp. 
451-54, 614-20; Vol. 24, pp. 40-42, 132-40, 174-78, 213-18. 

“Graphic Treatment of the Single-Phase Induction Motor 
with Capacitance in the Auxiliary Phase,” by F. Punga. Arch.f. 
Elektrotechnik, 1927, pp. 267-69. 

“Does It Pay to Use Motors with Double-Squirrel-Cage 
Rotor?” by L. Schuler. Elekirotech. Zeitsch., Aug. 11, 1927, 
pp. 1143-45. ; 

“Induction Machine Design,” by F. Creedy. 
Lond., Apr. 22, 1927, pp. 430-33. 

‘‘Regulation and Compensation of Large Induction Motors, 
by L. Dreyfus. Elekirotech. u. Maschinenbau, Mar. 20-27, 1927, 
pp. 221-26, 249-53. 

“Speed Regulation, Compounding and Compensation of Large 
Induction Motors, by L. Dreyfus. Arch. f. Elektrotech., Feb. 23, 
1927, pp. 55-77. 

“Large Asynchronous Machines,” by M. Sehenkel. Elektro- 
tech. Zeitsch., Apr. 28-May 5, 1927, pp. 563-69, 602-06. / 

‘“‘New Types of Squirrel-Cage Motors,” by R. H. Bacon. 
Power, Nov. 8, 1927, pp. 702-04. 


Electrician, 


Oct. 1928 


“A. E.G. Double-Slot Motor,” by Lund. A. E. G.-Zeit., Oct. 
1927, pp. 201-05. : 

“Reliance Type A. A. Fully-inclosed Fan-Cooled Induction 
Motors.”” Am. Mach., Nov. 3, 1927, p. 718. 

“Induction Motors as Auto-Transformers,”’ by O. C. Schoen- 
feld. Elec. Jl., Aug. 1927, pp. 381-83. 

“Large Induction Motors Designed for High Speed,” by 
R. R. Sheely, and P.C.Smith. Power, Dec. 20, 1927, pp. 974-78. 

“70-Hp. from 20-Hp. Motor Frame with Asbestos Insulation,” 
by John T. Stone. Elec. World, p. 252, Jan. 29, 1927. 

Interconnection of Systems by Means of Frequency Changers, 
by L. Encke, A. I. E. E. See p. 1056. 

Application of Large Frequency Converters, by E. J. Burnham. 
A.I1.E.E. See p. 1070. 


STARTING 
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Motor ACCESSORIES AND PROTECTIVE DEVICES 
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TESTING 
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D-c. MACHINES 
The developments in d-c. machines have been in 
the increase of limits and reliability rather than in any 
startling discoveries. The commutation of extra large 


Reversing Moror 


7000-Her. 
SHowine InvotutTe EquatizeR Connections Usrep In PLace 
or CommuTatTor NECKS 


Fig. 37—ARMATURE FOR 


currents has been accomplished; speeds have been 
increased; and the mechanical design has been 
simplified. 

Commutation. To improve commutation and de- 
crease losses, especially in large units, involute equalizer 
connections were placed between the commutator and 
the armature winding in place of straight commutator 
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necks. Fig. 37 shows these equalizers on a 7000-hp. 
reversing mill motor. 

It has also been found that wave windings are suc- 
cessful in larger ratings than can be built with lap 
windings. This wave winding insures equal dis- 
tribution of current in the armature circuit without the 
use of equalizers by virtue of the unusual mechanical 
distribution of the winding. Eleven 13,000-ampere 
synchronous booster converters and two 14,000-ampere 


Fic. 38—A Maenet Frame Mape or BENTSLABS WITH FLANGES 
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field-control converters have been built with this winding 
and have shown improved commutating performance 
and reduced losses from the absence of equalizer 
currents. 

High-Speed Motors. Special requirements have led 
to the design of.high-speed d-c. motors and results 
have been secured which would not have been thought 
possible even a few years ago. For example, during 
the last year, the Navy Department completed official 
tests on a special motor, the rating of which is 200 hp., 
5000 rev. permin. This motor is used for driving a 
three-phase blower type compressor having a capacity 
of 3200 cu. ft. and a discharge pressure of 10 lb. New 
methods of design and construction had to be developed 
in order to build such a motor successfully. The 
peripheral speed of the armature is approximately 
20,000 ft. per min. and the method of balancing was of 
the utmost importance. With the aid of a vibrometer, 
the rotor was balanced while rotating in its own bearings 
at the 5000 rev. permin. The bearings are flood- 
lubricated, oil being supplied by a separate motor-driven 
pump. The system of ventilation is simple and effec- 
tive. The cooling air is actuated by the compressor 
and is drawn through the motor into the first phase of the 
compressor. The commutation was such that at the 
end of a 12-hr. duration test, the commutator surface 
did not show any sign of being burned or pitted. 

Welded Construction. While welded frame motors 
have been on the market for a great many years, the 
use of this construction became much more general 
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during 1927. In many cases, such parts as magnet 
frames, bases, spiders; and brush rigging are now being 
fabricated. Fig. 38 shows a magnet frame made of 
bent slabs to which flanges for bolting the halves 
together and supporting feet are electrically welded. 
Armature spiders have been built up of plate and bar 


Fig. 39—ARMATURE SPIDER FABRICATED BY WELDING 


material welded together on a steel hub for a large 
machine as shown in Fig. 39, and have been combined 
directly with the shaft for smaller machines, such as 
elevator motors shown in Fig. 40. The elevator motor 
shown in Fig. 40 is of further interest in that every part 
is of fabricated material without castings, except the 


Fic. 40—ELevator Motor 1n Wuicu Every Part 1s WELDED 
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rope sheave. The base is representative of such built- 
up parts as a substitute for castings. During 1927, the 
use of welded bases for all motors, generators, and 
motor-generator sets was extended rapidly. 
Adjustable-Speed Motors. The principal development 
in adjustable-speed motors is to extend the speed 
range secured by field control beyond the conventional 
four-to-onerange. Ranges of five-to-one and six-to-one 
have been secured. To secure successful operation at 
these higher-speed ranges requires very careful design 
and very accurate test adjustments. These higher- 
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speed ranges have been particularly valuable in con- 
nection with application to reversing planers. 

Marine. Motors for marine applications require 
special precautions against corrosion of the mechanical 
parts and against moisture in the windings. Although 
they must be installed in very cramped conditions, it is 
desirable to make major repairs without removing the © 
motor from its position. If parts are not accessible, 
inspections will not be thorough. When failures occur, 
repairs must be made in the shortest possible time and 
often under extremely difficult conditions. Again, 
the application of motors aboard vessels may be taken 
as an example of the extreme length to which it is some 
times necessary to go in attaining accessibility. The 
case of propelling motors for submarines may be cited. 
The susceptibility of the lower field windings to failure 
has made it necessary to have some ready means of 
locating the defective coil and to arrange for its replace- 
ment without having to tear the ship apart. Test 
leads are brought out from the individual coils to a 
test terminal board and the whole magnet yoke is so 
arranged that it may be revolved in its housing and so 
make possible the repair or replacement of a defective 
field coil. 

Standardization. For general purpose d-c. motors 
and generators, all manufacturing companies are now 
accepting such standardized dimensions as have been 
established by the National Electrical Manufacturers 
Association, with very considerable advantage, prin- 
cipally to the user, but also to the manufacturer. It is 
expected that during 1928 and 1929 still further progress 
will be made in this direction. 


OUTSTANDING INSTALLATIONS OR MACHINES IN 
PROCESS OF MANUFACTURE 


Marine. Keeping pace with recent developments, 
Diesel electric drive is used to power old type Shipping 
Board vessels which, with changes in the hulls, will 
enable them to have greater speed, greater economy, 
and increased cargo capacity. Each of these ships will 
use a double armature d-c. motor, direct-connected to 
the propellor and developing 4000 s. hp. at 2 x 750 
volts. The motors have been designed so that the most 
efficient propellor design and speed can be used, which 
in this case is 60 rev.permin. These will be the 
largest marine motors of this type in the world. ~ 

Steel Mills. The heaviest powered tandem hot- 
strip mill in the country is driven by 6 d-c. motors, 
each rated 2500 hp., 160/320 rev. per min., 600 volts. 
Power is’supplied from 3 three-unit M. G. sets, each 
rated 3000 kw. 


The heaviest powered hot-strip mill in the country 
requires 21,811 hp. for the main roll drive, which 
includes both a-c. and d-c. motors. The three a-c. 
motors on the roughing stands are mechanically 
interchangeable, although their ratings and speeds are 
different. The three intermediate stands are driven 
by three 2000-hp., 300/500-rev. per min. d-c. motors. 
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The four finishing stands are driven by four 3000-hp., 
180/360-rev. per min. d-c. motors. The main roll 
d-c. motors are supplied from three 4000-kw. three- 
unit synchronous M.G. sets. Auxiliary motors and 
excitation for main drives are supplied from separate 
M. G. sets. 

For replacing a steam engine on a reversing mill in 
the Chicago district, a 6500-hp. d-c. single-unit 
0/60/140-rev. per min. motor will be used. This is 
being installed on the opposite side of the mill to reduce 
the shut-down period of the mill during the changeover. 
Welded construction is used in the bedplatefor this motor 
and also for the flywheel M. G. set which supplies 
power to it. 

A novel feature in a rod mill drive is the use of syn- 
chronous motor drive for all the stands except the 
finishing stand, which is direct current. Power is ob- 
tained from an M. G. set which at the same time drives 
some of the stands. The five synchronous motors have 
a capacity of 9600 hp. and the d-c. motorisrated 1200 hp. 
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Mercury ARC RECTIFIERS 


At the close of 1927, there were in use in the United 
States and Canada 53 installations of mercury are 
rectifiers having a total capacity of 44,450 kw., which 
may be compared with the 700,000 kw. installed in the 
entire world. As the first of the American rectifiers 
was purchased in 1923, fairly rapid progress in the 
adoption of the mercury arc rectifier for power conver- 
sion purposes is indicated. In the tabular appendix 


TABLE I 
MERCURY ARC RECTIFIERS IN RAILWAY INSTALLATIONS 


A-c. 
No. of Tanks D-c. Kw Total 
sets per set Cycles Volts voltage per set kw. Control 
Calumet Gas and Electric Co. (Gary Street Railway)... 1 ie 60 33,000 600 500 500 Auto 
Chicago, No. Shore & Milwaukee................... Z 2 600 1000 1000 Auto 
Columbus Ry., Power & Light Co................... 1 2 60 13,200 600 1000 1000 Man. 
Commonwealth Edison Co., Chicago 
OCS Th Chien ei Re Se at Ve A ne ales bp Za esis wR 1 2 60 12,000 620 1200 1200 Man. 
UMIRIIETIGS ET ee PRP MTT Oe ne Gal's, Pie eee ose g's 1 1 60 12,000 620 600 600 Man. 
ATRARAN TE eee Bote ee cele ahi A riata S07 Gk > RARE 1 2 60 12,000 1500 1500 1500 Man. 
OS TTT A TSS, 2 Me ee ae ee 1 2 60 12,000 1500 3000 3000 Man. 
sake ea O., EVOOKUAIOs soe «cls os erie este sn he 1 2 12,000 1500 3000 3000 
BreraaCth OOMPAN Wt fe Gee che? sides eg wie bd obs 5 1 25 13,900 
60 600 1200 6000 Man. 
2 1 25 
60 13,900 600 — 1200 2400 Auto 
Delaware, Lackawanna & Western R. R............. 1 1 60 4,150 600 200 200 Semi 
MEPERMEPTIESECO UY OS) co ee. atleast cides 6 bieea Glen miele wie ad 1 1 60 2,200 550 400 400 Man. 
URI CRE OEIEITICAU ERE See ae Fok SEP mPa y a, Shel, bake oils oe 1 1 25 11,000 650 1000 1000 Semi 
Mare TARE FLOMIPSHORG inn. 60:0 s/s acne 0 0 80 0, cow eae By ire bees 3 25 650 1000 3000 
MMMRUTISENPRIRTCANI WAY frets ced = cules sie eee de iecenw o(pleieinne « 2 1 600 500 1000 Auto 
Milwaukee Hlec: Ry. & Lt. CO... 06. cn see wee wens 3 1 60 26,400 600 550 1650 Auto 
MemarPenCaa: CRUIN WAY SY, a ooo, 8 nh eS, ots vases wg ofekane Vis, tela 2 2 62% 12,600 600 1200 2400 
1 2 1200 1200 
1 2 2400 2400 Auto 
Northern Indiana Pub. Serv. Co.............-+0e05: 1 2 1500 1500 1500 Auto 
(Chicago, So. Shore & So. Bend Ry.)................ 3 1 1500 750 2250 Auto 
SME PERSETISE ETSY EF Fai cg Ss laren 0dokd sense 9 3 ¥la) 396, Sah0 8 OOS 1 1 60 2,400 600 600 600 Man. 
Pe IGT CAD IC. TATE Gis oc «calc cre tv elclan vce niles 2 1 600 500 1000 Auto 
RE IOC. OWE OO. « 5. viers ede bes oc. bie dae wie ove 1 2 1400 1500 1500 shieF 
Pub. Service Co. of Northern Ill. (Illinois Central R. R. 
Co. 
aay PCIE ts Sante Pia co's) ee ¢o%s ae FN Me eee 1 2 33,000 1500 1500 1500 Man. 
PNRCR ER SROTIONTE Se. otane pve. ob niiateuss BV an, @ Halal WTbhu.0/6 reser 1 1 600 500 500 Man. 
Utilities Power & Light Co. 
PEMIRIICIEY HUGO? OO.) oieic caves as. vielwe-seene WeG wale 1 1 60 13,800 600 900 900 Man. 
RGARPATTIA NL) OWED OO.) \s osra.0 ois: opeie wivveie atersise idle 1 1 60 2,300 600 550 550 Man. 
Wmerican Gas & Wlectric. 2... . 0.6.66 cov cwee es eewas 1 1 60 13,800 575 300 300 Auto 
TTR Ea gel co 8 pie ain! a ine 'e 25.6! eigie 9 SrA\e.¥ siele > vin’ 1 1 60 12,000 575 600 600 Semi 
Auto 
Dominion Power & Trans. Co..........-.0.e0e sees 1 1 66?/3 13,200 600 600 600 Auto 
Canadian National Railways.........-....20eeeees 1 1 60 4,160 600 1200 1200 Auto 
0 SSE Ul 6/0 es oe ee ee 1 2 600 1000 1000 Man, 
See ae 
oS Lak Ree Fer tar eae eee an 50 47,450 
LIGHTING AND POWER 
Ford Motor Company Power & Lt.................. 1 550 550 Man. 
NO Se cig wig a Diva's Sarede ppempemael Wie gue 2 1000 2000 
Mew York Hdison Company. ......0.-60..s.0sccesee 570 570 


Henry Morgan Department Store, Montreal.......... 


Tere ee eo te oo a 
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to this report, details of these installations, including 
frequency, voltage, and character of service of these 
58 installations are given. 

Reference to this appendix shows that most of the 
rectifier installations in this country have been made 
on railway systems, the few rectifier installations for 
Edison systems and industrial use amounting to less 
than 3500 kw. or 7 per cent. 

Of the railway terminal electrification voltage class 
(1500-volt), 12,750 kw. capacity or 25 per cent has been 
installed, the remainder of the railway installations 
being of the 600-volt class and amounting to approxi- 
mately 68 per cent. No installation of rectifiers for 
main line electrification purposes has yet been made. 

In a few railway installations, dependence has been 
placed entirely upon rectifiers; but in most instances, 
rectifiers have been reinforced by converters previously 
installed in the same or adjacent substation. 


Fig. 41—Five 1200-Kw. Mercury Arc RECTIFIERS AT 
BRIDGEPORT, CONN. 

The outstanding installation during 1927 was that 
of the Connecticut Company at Bridgeport, Conn., 
which includes five 1200-kw., 600-volt units, without 
other converting capacity. In another substation 
at Stratford, the same company installed two units 
of the same size with complete automatic control. Fig. 
41 shows these five 1200-kw. rectifiers at Bridgeport. 

Another large installation of three entirely automati- 
cally-controlled 1000-kw. 650-volt units was made in 
the Hempstead Station to supply the Long Island 
Railroad. 

* * * * cS 

Operating experience of various companies indicates 
that rectifiers lend themselves generally to any of the 
usual methods of control, the 1927 trend toward auto- 
matic control having been noteworthy. 

Parallel operation of rectifiers and converters has not 
introduced serious difficulties, although a satisfactory 
method of the control of regulating characteristics 
of the rectifier has not been introduced. 

Although current capacities and efficiencies which 
would warrant the use of a rectifier on the three-wire 
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Edison system have not yet been attained, the obvious 
advantages of the rectifier, including its adaptability 
to various voltages and frequencies and the hopeful 
laboratory development of the manufacturers, give 
promise of rectifiers suitable for this service. 

Limitation of current capacity has been the greatest 
retardant to the further extended use of the mercury 
are rectifier in this country. In the development of 
regulating devices it seems desirable that some method 
other than the transformer ratio adjustment or the use 
of the induction regulator should be preferred. 

Continuity of service is adversely affected to the 
greatest extent by internal short circuits within the 
tank. It is also adversely affected by impaired insu- 
lation within the tank and by the liberation of gas from 
the anode. Service restoration following interruptions 
which do not involve impairment of the vacuum is a 
simpler procedure than with synchronous apparatus, 
but when the vacuum is impaired the period of outages 
may be greater than with the flashover of a synchro- 
nous converter. Operating experience generally indi- 
cates the need of development of rectifiers along lines 
which will enable more rapid repairs when required 
within the tank. Elimination of the internal short 
circuit, which will dispose of this disadvantage, is 
hoped for, although it may be well to add that internal 
short circuits are usually not accompanied by impair- 
ment of the vacuum, and the rectifier may be put back 
into service immediately after an internal short circuit 
without any trouble. 

Interference between rectifier and telephone circuits 
caused by the “ripple” in the rectified current depends 
largely upon the exposure between the circuits. Where 
the exposure cannot be reduced, band filters have been 
successfully used in the d-c. leads of the rectifier. 

The advantages of the rectifier in voltages of 600 and 
above with respect to the converter for installation 
under limiting conditions of ventilation and permissible 
attendant noise are fully set forth in the manufacturers’ 
statement which follows: 


MANUFACTURERS’ STATEMENT 


Economic Advantages of Rectifiers over Synchronous 
Apparatus: 


Greatly reduced foundation. 

Fractional weight. 

Decreased transportation difficulties. 

Simpler erection. 

Simpler operation. 

Lower operating costs. 

Noiseless and vibrationless operation. 
Adaptability to automatic and remote control. 
Absence of synehronizing requirements. 
Instantaneous starting and stopping. 

Easier replacement of parts. 

Increase of efficiency with voltage. 

Higher efficiency over whole load range. 
Independence of frequency. 

Adaptability to high or low d-c. voltages. 
High momentary overload capacity. 
Possibility of cooling entirely by circulating water. 


y ‘ 
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Some troubles experienced in the past with rectifiers 
were caused by corrosions, backfires, failure of the auto- 
matic vacuum valve, and telephone interferences. To- 
day we have the necessary means at hand to overcome 
all these troubles. The effect of corrosion can be 
reduced to a negligible value by using long rubber hose 
connections at the cooling water intake, and a yearly 
overhauling and painting of the rectifier water chambers, 
or by using a forced draft cooling system insulated 
entirely from ground. In the matter of telephone 
interference there may be cases which would be difficult 
to correct and might involve expenditures of consider- 
able magnitude. Backfires have been practically pre- 
vented by special screens inserted in the are stream. 
An improved automatic vacuum valve is available and 
is entirely reliable. Telephone interferences wherever 
experienced have been very successfully eliminated by 
installing a special filter equipment. 

The mercury seal has proved exceptionally reliable 
and has made possible tanks of 8 to 10 ft. in diameter. 
Also there has been developed by one manufacturer a 
unique seal consisting of a fused joint between porcelain 
and metal. Bushings may be removed and replaced 
without injury to the seal. A comprehensive system of 
automatically operating auxiliaries, including evacuat- 
ing equipment, has been developed and a scheme of 
transformer connections giving the maximum utiliza- 
tion of transforming material without the balance coil 
gives promise of successful service. 

The auxiliary equipment of one make of rectifiers has 
been considerably simplified. Anode and tank heaters 
and M. G. set for ignition have been abandoned. The 
excitation and ignition transformer, the choke coil, and 
the various insulation transformers are all mounted now 
in a common transformer tank. The auxiliaries con- 
sist of the following parts only: low- and high- stage 
vacuum pump; excitation and ignition; relay and 
transformer. 

European Developments. In Europe the rectifier is 
in a great measure responsible for the steady increase 
of the d-c. voltages on railway systems. Already 800, 
1200, and even 1500 volts are commonly used on urban, 
suburban, and interurban lines, with a few at 2400 and 
3000 volts. 

A typical example of a main railroad electrification is 
the 1500-volt Amsterdam-Rotterdam line of the Dutch 
Railways, which receives all the power from 20 Brown 
Boveri rectifier sets. There are several large industrial 
plants in Europe which depend entirely upon rectifiers 
as their power supply. 

The most remarkable rectifier installation at the 
present time is the one of the Berlin Rapid Transit 
Company. Its system is the largest one exclusively 
supplied by rectifiers with a substation located at almost 
every passenger station. 

This secures the advantage of having the power-con- 
verting equipment just where the load demand is 
maximum, and of reducing the d-c. transmission lines 
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and lossestoaminimum. Moreover, the stray currents 
are greatly diminished, and consequently their destruc- 
tive effect is also reduced. The interferences between 
d-c. lines, telephone and signal lines due to the pulsation 
in the rectified current are therefore practically elimi- 
nated. Altogether, the feeding of the “city’’ and “outer 
circle” railway lines require 34 substations with a total 
of 98 rectifier units, amounting to a total of installed 
capacity of 117,600 kw. The suburban lines branching 
out from the urban and outer circle lines are fed by 9 
substations, each equipped with three or four units. 
Their total aggregate capacity is 36,000 kw. The 
primary supply for all these rectifier substations is 
30,000-volt, three-phase, 50-cycle. The d-c. voltage 
is 800 volts. 

The initial substation equipment is being supplied by 
Brown Boveri for thissystem and comprises for the initial 
development: 

92 Rectifier cylinders, rated for a continuous output 
of 1200 kw. at 800 volts, with vacuum pumps and 
auxiliaries. 

90 Rectifier transformers O. I. S. C. 

90 Absorption reactance coils. 

136-2000-ampere high-speed circuit breakers. 

Other complete units are being supplied by other 


- companies as follows: 


10—Siemens Schuckert Works 
10—Allgemein Elect. Co. 
10—Bergmann Co. 


The decision of the German Railways Company to 
use mercury arc rectifiers exclusively for the electrifica- 
tion of the important Rapid Transit Railways system 
of Berlin is of utmost importance for the future develop- 
ment of this type of converting apparatus, and shows 
clearly the confidence the engineers have in this equip- 
ment. The electrification of the Berlin Rapid Transit 
system will be no doubt the largest and most up-to-date 
rectifier installation in the world. 

Performance Standards. Owing to the comparatively 
recent introduction of the mercury arc rectifier into this 
country the formulation of performance standards has 
not been undertaken to date. Definite procedure 
towards this end is, however, now under way. Per- 
formance guarantees of European practise will be 
studied and steps taken to put the matter of perform- 
ance standards on a logical basis without hampering 
development. 


BIBLIOGRAPHY PUBLICATIONS ON MERCURY ARC 
RECTIFIERS DURING 1927 


Operation and Performance of Mercury Arc Rectifier on the 


Chicago, North Shore and Milwaukee Railroad Co., by C. 
Antoniono. A. I.E.E. Quarrerzty Trans., No. 1, Vol. 47, 1928, 
p. 228. 


Application of Mercury Arc Power Rectifiers, by C. A. Butcher. 
A. I. E. E. Ju., Vol. 46, May, 1927, pp. 446-50. 

‘Parallel Operation of Mereury-Are Rectifiers: with Each 
Other, with Rotary Converters and with Motor Generators,” by 
O. K. Marti. Jron and Steel Engr., Vol. 4, Aug., 1927, pp. 353-55. 

Mercury Arc Power Rectifiers; Their Application and Charac- 


1216 ELECTRICAL MACHINERY Transactions A. I. E. E. 


teristics, by O. K. Marti and H. Winograd. A. I. E. E. Trans., 
Vol. 46, 1927, p. 437. 

Mercury Arc Rectifier Phenomena, by D.C. Prince. A. I. KE. E. 
Trans., Vol. 46, 1927, p. 1064. 

“Principles of Mercury Are Rectifiers and Their Cireuits,” by 
D. C. Prince and F. B. Vogdes. MeGraw-Hill, 1927, p. 233. 

“Automatic Switching Control for Mercury Are Rectifiers,” 
by M.E. Reagan. Elec. JI., Vol. 24, Oct., 1927, p. 496-99. 

“Mercury Are Rectifier Characteristics,” by EH. B. Shand. 
Elec. J1., Vol. 24, Oct., 1927, pp. 486-93. 


“Largest Mercury-Are Rectifier Installation Made at Bridge- 
port. Elec. Rwy. Jour., Vol. 70, Dee. 24, 1927, pp. 1144-47. 


“Hirst Canadian Automatic Rectifier Substation Installed by 
Montreal Tramways.” Elec. Rwy. Jour., Vol. 69, April 30, 1927. 
pp. 766-72. 


“The Power, Supply of the Berlin Metropolitan and Suburban 
Railways by Means of Mercury Are Power Rectifier,” by 
Plietzsch. BBC. Mitteilungen (Mannheim, Germany), Vol. 14, 
No. 6, pp. 140-46. 
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ANNUAL REPORT OF THE COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION* — - 


To the Board of Directors: 


In addition to conducting its usual activities this 
committee has during the current year endeavored to 
establish a closer contact with those committees of other 
organizations whose interests lie in a large measure 
within the field with which it is concerned. It was felt 
that such cooperation would be mutually beneficial 
and would result in the presentation through the 
medium of the Institute publications of some material 
of general interest which would otherwise receive only 
limited circulation. It is believed that the present 
report has benefited very materially by this policy. 

After considering some criticisms of the definitions 
contained in the “‘Wires and Cables” section of the 
A. I. E. E. Standards the committee deemed it ad- 
visable to have these definitions revised. A suggested 
revision has been prepared and placed in the hands of the 
Standards Committee. 


The committee has been fortunate in securing several 
interesting and timely papers for presentation and 
publication by the Institute, some of which have not 
yet appeared. References to these papers will be noted 
under the appropriate headings in the following text. 


OVERHEAD TRANSMISSION LINES 


Iaghtning on Transmission Lines. The protection of 
overhead transmission lines from interruptions due to 
lightning flashovers remains a problem of outstanding 
importance and in order to make more quickly available 
records of operating data on the protective value of 
ground wires, fused grading shields, and wood or com- 
bination steel and wood transmission line structures 
with regard to reducing lightning flashovers, a sub- 
committee undertook to collect as much information in 
this field as possible. A certain amount of information 
has been obtained and is presented herein, but more 
complete data are being sought and itis hoped to be able 
to present at an early date the inferences to be derived 
therefrom. 

Table I gives data submitted by seven companies. 
Since no means avail to make direct comparisons of 
*POWER TRANSMISSION AND DISTRIBUTION: 

Philip Torchio, Chairman. 


H. C. Forbes, Secretary. 
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thunderstorm severity, it is obvious that while in- 
ferences may be made, conclusions cannot be drawn 
from these data. 


Better performance resulting from adding a ground 
wire to an all-wood line seems clearly indicated from the 
comparison of 1926 and 1927 experience with that of 
1925 of the data reported by companies No. 1 and 
No. 5. Similar improvements in reliability are indi- 
cated when ground wires have been added to steel 
tower lines. 


On the other hand the data on the wood pole lines 
without ground wires, reported. by companies No. 5 
and No. 6, indicate in general less outages than the data 
on steel lines with ground wire, reported by others, 
indicating the apparent value of the wood as insulation 
in reducing flashovers. 


Western companies report bird troubles as being more 
severe than those due to lightning, and wood construc- 
tion very advantageous in this respect as shown by the 
data submitted by Company No. 6. However, there 
seems to be a crystallization of sentiment in the West 
in favor of steel towers with suitable bird guards, 
because of the very considerable trouble experienced 
with destructive fires due to leakage currents with 
wood construction, especially at certain seasons of the 
year. 

Further light on the protective value of the ground 
wire is indicated by a comparison of the relative 
flashovers between 138 lines without ground wires 
totaling 412 mi. and four lines with ground wires 
totaling 229 mi. 

Both groups are associated with the same systems, 
the lines being located in four different Middle West 
states. 

There were in 1925, 36 interruptions for lines without 
ground wires, as against 2.2 interruptions for lines with 
ground wires, per 100 mi. of circuit. 

Records for twelve consecutive years on a 110-kv. 
double-circuit line some 140 mi. long with single ground 
wire show an average of less than four interruptions 
per year per 100 mi. from lightning, and such interrup- 
tions constituted but one-third of the outages from all 
causes in that period. This line is subjected to as 
many as 70 to 80 electrical storms each year. 

It may be noted that Company No. 8 had 36 and 
28 breaker openings per 100 mi. in 1926 and 1927 
respectively, although a ground wire was in service. 
Although this number seems large there may be satis- 
factory explanations which would become apparent if 
the somewhat insufficient data were more complete. 

For lower voltage lines, 22 to 66 kv., there is an 
increasing tendency to try to improve designs of wood 
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TABLE I 
50 ft. wood poles & wood arms 

Company No, 1 1925 1926 1927 
IN(O;. Of SUOLUIS 2 aciicitteleeri ag tate rail 58 57 50 
Breaker openings due thereto........ 56 20 28 
Insulator replacements due thereto... 25 8 7 
Miles of circuit—66 kv.............. 7h ee 71.2 71.2 
Breaker openings per 100 mi......... 78.8 28.1 39.4 
Insulator replacements—per 100 mi. . 35.2 11.25 9.85 
Ground. Wire’s-cn ba too she ne een vee ele No Yes Yes 

Steel tower lines 

Company No. 1 1925 1926 1927 
Nos of Storms: 5 shinee eeaie antes LYG 50 50 
Breaker openings due thereto.,...... FE 6 3 
Insulator replacements due thereto... 9 10 1 
Miles of circuit—66 kv.............. 96 48 48 
Breaker openings per 100 mi......... 7.3 12.5 6.25 
Insulator replacements—per 100 mi. . 9.4 20.8 2.08 
Ground wiré:3 .2.24%s%,0 ee s Yes Yes Yes 
Fused grading shields... .. AS) ih es No No Yes 


Steel tower lines 


Company No. 4 1925 1926 1927 
INO. Of StOrintiss sari verre teeters 65 67 70 
Breaker openings due thereto........ 32 nO 2T 37 
Insulator replacements due thereto... 45 10 115 
Miles of circuit—132 kv............. 140 372 401 
Breaker openings per 100 mi......... 23 7.25 9.25 
Insulator replacements—per 100 mi. . 32.3 2.70 28.7 
Ground Wire vasa facade me eee No Yes, Yes 

partially 


In 1926, 50 mi. were unprotected all year, and 256 mi. were unprotected 
by ground wire until after June 1st; fourteen storms were recorded prior 
to June ist. 

In 1927, 50 mi. were still unprotected by ground wire until after October 
ist; sixty-four storms were recorded prior to October Ist. 


Wood pole lines 


Company No. 5 1925 1926 1927 
ING: OL StOCIIE) J ....4.0 Sc eben 2 2 3 
Breaker openings due thereto........ 0 0 0 
Insulator replacements due thereto. .. 0 0 0 
Miles of circuit—110 kv............. 29.1 29.1 29.1 
Ground wite say. eee eee Yes Yes Yes 
Average height of ground wire....... 48 ft. 48 ft. 48 ft. 

Wood pole lines 

Company No. 5 1925 1926 1927 
INtimiber Of storms fa". 544: ae oath ce 5 12 
Breaker openings due thereto........ 1 3 
Insulator replacements due thereto... 0 3 
Miles of line—110 kv................ 0 120 237 
Breaker openings per 100 mi......... .83 1.27 
Insulator replacements per 100 mi... . 0 bf 
Ground wire. ves): ee Acer ae No No 

Wood pole lines 

Company No. 5 1925 1926 1927 
Nuimiber, af ‘storms... 3)... tek ce cee 5 7 18 
Breaker openings due thereto........ 0 3 7 
Insulator replacements due thereto... 0 3 3 
Miles of circuit—55 kv.............. 614 494 672 
Breaker openings per 100 mi......... (0) 61 1.04 
Insulator replacements—per 100 mi. . 0 .61 «45 
GROUND Wits en nae ee nt ae em No No No 
ssn es ea Ee Sl EE RE Pe Pe re ee, Be UN 

| Wood line | Steel line 
Company No. 6 1927 1927 

WILER Of Ne TLOUKY..... chon, Cee Keates: 41.7 42.8 
Flashover from lightning....................... 1 4 
Flashover‘from birds. :. 00.4.4 ds. Hess cee ees 0 11 
Flashover from insulator failure................ 0 1 
MTU WING. Ae ay ee Te eee te eee No No 


eee ee ee ee ee eee ee ae)! 
These lines are installed: between the same substations. 
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Steel tower line 
Company No. 8 1925 1926 1927 
Nam ber Of StORWIS 4-...2-:< nie Meatincss ateie No record available 
Breaker openings.) 2s7....e ties eas uf 9 7 
Miles of circuit—154 kv............. 25 25 25 
Breaker openings per 100 mi......... + 36 : 28 
Ground wit! 0252 hae etna eles Yes Yes Yes 
Height top line conductor........... 65 ft. 65 ft. 65 ft. 
Steel tower line 
Company No. 9 ‘ 1925 1926 1927 
Number of storms.......... oe. SE No record available 
Breaker openings.............+....»- 1 1 0 
Miles of circuit—110 kv...:......... 104 104 104 
Breaker openings per 100 mi......... 0.96 0.96 0 
Ground: wite)s...0 che ee eet eens Yes Yes Yes 


65 ft. 65 ft. 
Steel tower line 


Height top line conductor........... . 65 ft. 


Company No. 12 1925 1926 1927 
Number Of istormns. .- eee. clare 37 39 31 
Breaker openings due thereto........ 19 34 8 
Insulator replacements due thereto... 33 82 8 
Miles of circuit—120 kv............. 41 81 120 
Breaker openings per 100 mi......... 46.4 42 6.7 
Insulator replacements per 100 mi.... 80.6 101 6.7 
Ground wire) 29556 eee eee No No Yes 


pole lines with a view to reducing lightning troubles 
by the use of wood pins, arms and braces, and by in- 
creasing the amount of insulation inserted in the guy 
wires. 

Company No. 1 reporting on the value of fused 
grading shields shows a fifty per cent reduction in 
outages on two circuits, on one tower line, so equipped 
compared with two circuits on a parallel tower line 
protected by ground wire only. It also states that 
this type of protection functioned correctly two out 
of every three times, 7. e., cleared the follow-up dynamic 
arc before the breakers opened and thus avoided dump- 
ing the load. The record as to the performance of the 
individual fuses was even better—77 per cent correct 
operation, 7. e., 77 per cent cleared properly and were 
not the cause of a line interruption. 

Another company desirous of trying out this type of 
protection on 132-kv. circuits reports that it has not 
as yet been able to find a fuse for that voltage which, 
after testing, it felt was safe to install for this purpose. 

The subcommittee has also secured a contribution 
to the report covering some of the more theoretical 
phases of this subject, and this constitutes the following 
material having to do with the theory of lightning and 
ground wires being herein presented not particularly 
as representative of the views of the committee as a 
whole, but rather as being of general interest and stimu- 
lative of further thought and study on the more theoreti- 
cal aspects of this subject. 

Theory of Lightning and Ground Wires. The results 
of the work of a number of investigators during the past 
year have altered to some extent the conceptions regard- 
ing the nature of the lightning stroke and the manner in 
which it affects transmission lines. The fundamentals 
of the ‘breaking drop” theory of the accumulation of 
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the cloud charge, as proposed by G. C. Simpson, is 
generally accepted. According to this theory, the 
upward air currents in the front of the cloud, blowing 
past the condensed vapor in that region, break up the 
larger drops, as they form, and leave the divided parts 
with a positive charge. The passing air with finely 
divided spray carried off the corresponding negative 
charge to the upward and rearward portion of the cloud. 
Upon the recombination of the positive drops the 
potential is raised, due to the decrease in total surface; 
and likewise, in the negative part of the cloud the 
potential is raised as the charge is imparted to the 
vapor which condenses and forms into drops. Accord- 
ing to this conception, the first part of the storm, and 
that with the heavy rain, is accompanied with the 
positively charged part of the cloud. The latter part 
of the storm, and the usually finer, drizzling rain, is 
accompanied with the negatively charged part of the 
cloud. Much of the accumulated charge of the cloud 
is carried to earth with the falling rain but the accumu- 
lation is, in general, more rapid than the dissipation 
by this means. The result is the familiar lightning 
flash between cloud and earth or between oppositely 
charged portions of cloud. 

An electrical discharge between oppositely charged 
bodies starts, of course, when the stress at one of the 
electrodes reaches a state where ionization by collision 
begins. This state requires that potential gradient 
which gives free electrons a speed sufficient to knock 
off other electrons when they collide with neutral 
molecules: When an electron with this speed collides 
with a molecule but does not succeed in knocking off 
another electron, a considerable amount of heat is 
generated. If the stress reaches the breakdown poten- 
tial of 30,000 volts per cm., the concentration of free 
electrons becomes so great, and the collisions with 
molecules becomeso frequent that the gas is heated to the 
point where thermal ionization begins. This forms the 
start ofastreamer. Along such a streamer the gradient 
is low, which increases the stress at the ends. This 
further increases the concentration of ionization at the 
ends and promotes the progress of the streamer. Due to 
the difference between the speeds of negative electrons 
and positive ions, the speed of growth of the streamer 
toward the anode is much greater than that toward the 
cathode. This accounts for the difference between the 
growth of lightning strokes from negatively and posi- 
tively charged clouds. However, in either case the 
speed is limited. It has been shown by various tests 
that with practical amounts of energy the maximum 
speed of growth of these streamers between electrodes 
of various shapes is of the order of one-tenth to one- 
fiftieth the speed of light. The completion of this are 
establishes a conducting connection between the 
electrodes and an electrical current is free to pass, 
being governed by the impedance of the entire circuit 
involved. 

In the discharge of a cloud to earth it is incorrect to 
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consider the charge being released as concentrated in 
the first streamer. The streamer merely sets up the 
path, and as stated above, the growth is a relatively 
slow process. Considering the distances and speeds 
involved, it must take a time of at least 10 and probably 
50 microseconds to accomplish this. After the path 
is established the charge is free to travel to earth as a 
traveling wave as fast as it can gather from the cloud. 
The progress of this is restricted, since the charge is 
distributed throughout arelatively non-conducting body. 
It is necessary for the path to branch out and collect 
the charge. Beyond this retarding effect, the rate at 
which the charge can pass to earth is determined by the 
potential of the cloud and the surge impedance of the 
lightning path. This surge impedance is a variable 
since it depends upon the diameter of the path and the 


Fig. 1—Typican ARRANGEMENT OF GROUND WIRES ON 


TRANSMISSION LINES 


distance above the earth. Although it is not quantita- 
tively known it definitely limits the intensity of the 
lightning flash. When the lightning strikes a trans- 
mission line directly, the traveling wave from the 
lightning path divides, and propagates in two directions, 
with two-thirds voltage, in the same manner as when 
an ordinary line branches into two parts. 

It is easily seen that this phenomenon limits the 
intensity of the surge, and many of them are probably 
quite weak. There is considerable reason to believe 
that, of the lightning surges experienced on transmission 
lines, a larger percentage is due to direct strokes than 
has generally been believed. In order for an induced 
surge to attain important magnitude, not only must the 
gradient be very intense, but the discharge must be 
extremely rapid. The gradient falls off rapidly from 
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directly beneath the cloud outwards, and unless the 
discharge is extremely rapid the bound charge has time 
to distribute itself over the line. 

It is now generally recognized that a great amount of 
protection is afforded by the use of ground wires on 
transmission lines. Much of the disrepute into which 
ground wires fell was due to poor mechanical installation 
and the use of non-weather-resisting material, which 
did not provide a life comparable to that of the rest of 
the line. In the installation of ground wires the same 
degree of weather resistance and the same quality of 
installation should be used as in the rest of the line so 
that the ground wires do not fail previous to the line 
conductors. 

Ground wires are valuable in protecting the line both 
from induced and direct strokes. The manner in 
which the ground wire protects against induced strokes 
is as follows: Due to the slow rate at which the cloud 
electrostatic field is established, all conductors, both 
ground wires and line conductors, may be considered 
grounded. Therefore, a charge passes up on the 
conductors of such a value that the potential of the 
cloud field is exactly neutralized at the positions of the 
conductors, amd the conductors remain at ground 
potential. The potential on a body is determined not 
only by its own charge but by the charges on all other 
bodies in the vicinity. Therefore, in the presence of 
the ground wire the charge necessary to keep the line 
conductor at ground potential is less than would be 
required were the ground wire not present. 

The second effect of the ground wire takes place at the 
occurrence of the stroke. If all conductors were in- 
sulated the degree to which the charge would be bound 
would be similar on each, and the voltages would all 
rise in the same proportion. In such a case, the 
presence of more than one conductor offers no protection 
to each, since the charge on one conductor would raise 
the potentials on the others in the same proportion that 
it had reduced the bound charges. Furthermore, if 
the discharge of the cloud were instantaneous the 
ground wire would offer no protection, since the bound 
charges would then have no time to readjust themselves, 
and upon the disappearance of the cloud field the 
charges would be those which would raise the potentials 
of the conductors to the potentials of their positions in 
the cloud field before the stroke, but of opposite 
polarity. However, in the actual case the ground wire 
is grounded, and there is a certain time lag in the disap- 
pearance of the cloud field. It has been assumed that 
this time lag is sufficient to permit the necessary read- 
justment of charges on the ground wire to keep it at 
ground potential in the absence of the cloud field and 
the presence of the charge on the line conductor, the 
latter not being able to get away on account of the 
higher insulation and the rapidity of the field collapse. 
During the past season, klydonographs have been 
connected to ground wires at a number of locations, 
and the highest potentials recorded near a tower were 
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of the order of 20,000 volts, which verifies the validity of 
the above assumption. It is obvious that, in order to 
remain at ground potential in the presence of the 
charge on the line conductor, the new charge on the 
ground wire must be of opposite polarity. This charge 
of opposite sign reduces, rather than raises, the potential 
on the line conductor due to its own charge. A simple 
way of stating the effect of ground wires in connection 
with induced strokes is, that it decreases the capacity 
of the line conductor to ground before the stroke and 
increases this capacity after the stroke. 

Quantitatively, ground wires reduce the potentials 
induced on lines by lightning by from 25 to 75 per cent, 
depending upon the number and arrangement of the 
ground wires. The number of ground wires to use is 
of course an economic problem to be considered in 
relation to the amount of protection desired. 

The most efficient arrangement of the ground wires is 
that which gives the greatest geometrical mean radius of 
the ground wire system and the least geometrical 
mean distance of this system from the conductors 
being protected. Table II gives the protection afforded 
by various numbers of ground wires on lines of various 
standard voltages. 

The amount of protection afforded by ground wires 
against direct strokes is not so easily determined. 
However, since the ground wires are, or should be, 
located above the line conductors they are much more 
likely to receive the stroke of lightning than the con- 
ductors themselves. In view of the limitation of the 
intensity of the lightning stroke, as discussed above, 
it is easily seen that the less severe strokes might hit 
the ground wire and still not induce sufficient voltage 
on the line conductor to cause a flashover. 

The protection against flashover afforded by the use 
of ground wires is much greater than the percentage 
reduction in voltages. If the number of lightning 
surges of any given potential is plotted against the 
voltages, the resulting curve resembles a rectangular 
hyperbola. From this it is seen that of those light- 
ning strokes, both direct and induced, which cause 
flashover, those that are not more than twice the 
flashover voltage of the insulators are much more 
numerous than those which are many times that value. 
Therefore, if each surge is reduced to one-half its 
voltage, the number of flashovers is reduced by a 
much larger factor. Operating experience of the 
past few years seems to indicate that on the higher 
voltage lines flashovers are practically eliminated by 
ground wires which give a 50 per cent reduction. 

Topography in Relation to Lightning Flashovers. 
An investigation of the flashovers which have occurred 
on the Cahokia—Crystal City transmission line, which 
was put in service May 11, 1925, indicated a close 
relationship between the topography of the surrounding 
territory and the flashovers on the line. This relation- 
ship was demonstrated by plotting on a topographical 
map the location of all the flashovers whose positions 
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TABLE II 
THEORETICAL PROTECTIVE VALUE OF GROUND WIRES 


Ground wires 

Kv Fig. I H* No Location Dia. in. A 

220 a 50 0 
a 50 1 1 1/2 21 
a 50 2 a | 1/2 36 
a 50 3 1, 4,5 1/2 48 
a 50 4 2, 3, 6, 7 1/2 48 
a 50 5 2,455,835 0 1/2 55 

220 b 27 0 
b 27 2 2,3 1/2 34 

132 Cc 45 0 
Cc 45 1 1 1/2 29 
(i 45 2 2,3 1/2 45 
Cc 45 2 ACS 1/2 48 
ic 45 3 2,3, 6 1/2 51 

110 d 40 0 
d 40 ut 1 1/2 30 
d 40 2 2,0 1/2 48 
d 40 3 1,2,3 1/2 59 

66 e 35 0 
e 35 1 1 1/2 31 
e 35 2 Pa 1/2 49 
e 35 3 1, 2,3 1/2 60 

f 26 0 
f 26 1 1 3/8 28 

g 26 0 
g 26 1 1 3/8 15 

33 h 30 

h 30 1 1 3/8 38 


H* = Height of lowest conductor. 


have been reported since the line was put in service. 

This line follows the low lands on the Illinois side 
of the Mississippi River to a point opposite Crystal City 
where it crosses to the high bluffs on the Missouri side. 
On the western side there are no high hills, except those 
near Crystal City. On the eastern side, steep bluffs 
parallel the line almost for its full length at a distance 
of from one to three miles. The prevailing path of the 
storms in this part of the country is from the directions 
between southwest and northwest. 

The flashovers have occurred in groups with four to 
five miles having excessive flashovers and adjacent 
sections of similar length having butfew. At thesouth- 
ern end, clouds pass over the high hills on the west side 
of the river and discharge to or near the line, causing a 
large number of flashovers. Farther north the clouds 
coming from the southwest do not pass over any high 
hills, retain their charge, pass over the bottom lands and 
discharge to the bluffs on the eastern side. At the 
time of discharge the cloud probably extends back over 
the line and the sudden release of the charge induced 
on the line by the passage of the cloud over it causes 
flashover. The nearer the line to the bluffs the greater 
the number of flashovers. 

A number of flashovers along two miles of line, some 
three or four miles south of Cahokia, cannot, however, 
be accounted for on the above basis. 

From this study, it appears that short sections of 


Induced crest voltage for a 
Per cent reduction gradient of 50 ky. per ft. 


B oC Ave A B Cc 
2500 2500 2500 
31 21 24 1980 1720 1980 
45 36 39 1600 1370 1600 
55 48 50 1300 1120 1300 
61 48 52 1300 975 1300 
66 55 58 1120 850 1120 
1350 1350 1350 
44 34 37 890 760 890 
3550 2900 2250 
26 24 26 2530 2160 1700 
39 37 40 1930 1760 1410 
41 39 42 1850 1700 1370 
52 51 51 1760 1410 1110 
3000 2500 2000 
26 25 27 2090 1850 1490 
42 40 43 1560 1440 1190 
51 49 53 1230 1220 1020 
2450 2100 1750 
28 26 28 1690 1510 1290 
43 42 45 1250 1200 1010 
54 51 55 980 970 830 
1525 1300 1300 
29 36 31 1095 930 835 
1525 1300 1300 
22 22 19 1300 1020 1020 
1500 1575 1650 
40 46 42 930 945 890 


ground wire placed over the portions of the line most 
subject to flashovers should be almost as effective from 
the standpoint of protection as a ground wire over the 
entire length. Eight miles of ground wire divided 
into four sections would include those parts of the 
line upon which 70 per cent of the flashovers have 
occurred. The line is a double circuit one, 31 mi. in 
length. Two miles of ground wire have been installed 
over the Missouri bluffs and the other six miles will be 
installed as outlined above. It may well be that 
partial protection of this type will offer a maximum of 
insurance for a minimum of investment. 

Symposium on Surge Voltage Investigations. Atten- 
tion is called to the symposium on surge voltage 
investigations which is on the program of this conven- 
tion and is being presented under the auspices of this 
committee (seep. 1111). Someofthepapersin this group 
are in the nature of reports of progress of investigations 
which are not as yet completed and further reports will 
be awaited with the same interest with which the present 
papers will undoubtedly be received. 

One paper of this symposium, entitled Surge Voltage 
Investigation on the 132-Kv. Transmission Lines of the 
American Gas & Electric Co., presents the prelimi- 
nary results of an extensive klydonograph layout which 
was planned and placed in operation during 1927 in con- 
nection with studies of the Subcommittee on Lightning. 
The investigation was made possible through the co- 
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operation of the General Electric Co., the Westinghouse 
Electric & Manufacturing Co., and the American Gas 
& Electric Co. 

The data secured during 1927 require further study 
and are too incomplete at present for many definite 
and final conclusions to be drawn. Switching surges 
were recorded up to 5.2 times normal to ground, 
checking quite closely previous data on this phase of the 
problem: All switching surges were either highly 
damped or unidirectional with small magnitude. 
These surges do not appear to be at all troublesome to 
line or apparatus, at least in the line investigated. 
Lightning voltage surges were recorded up to 4.8 times 
normal and in one case where the line tripped over 19 
times normal was found. Of the surges recorded 57 
per cent were positive, 18 per cent were negative, and 
25 per cent oscillatory. 

Lightning arrester discharges were found as high as 
2620 amperes in the neutral leg of a four leg oxide film 
arrester on a 132-kv. system. Another case of 1260 
amperes was observed. Both currents were negative 
initially, the latter being highly damped. 

Voltages on the protective ground wire were observed 
as high as 20,000 volts in one case, and many voltages 
were recorded in the order of 2000 to 3000 volts. 

The work, so far, indicates that surges of lightning 
origin having an initially high value, do not spread far 
on the line before rapid attenuation reduces them very 
materially. The waves are highly attenuated in the 
first five miles or so of travel. 

Voltage surges due to switching were found to travel 
the entire length of the 73-mi. line with little apparent 
attenuation. There was a noticeable reflection of the 
voltage at the open end of the line which died out in a 
few miles of return travel. 

On these particular lines it was found that the voltage 
surge on deenergizing the line was about double that 
which was found on energizing the line. Switching on 
these lines was done on the 182-kv. circuit, and not 
on the low side of the step-up transformers, a condition 
which is thought to have influenced the results. Further 
data are being obtained on this feature of line switching. 

The field investigation is being continued in 1928 and 
it is expected that after the data for 1928 have been 
collected and assimilated a fairly complete report can 
be presented. 

Insulation of Transmission Lines and Connected 
Apparatus. The tendency in power transmission has 
been to increase the insulation of some portions of the 
system, particularly the line, to a point at which it is 
fairly immune from flashover due to lightning. This 
tends to place a greater stress on the other apparatus 
and therefore requires a corresponding increase in its 
insulation. 

The papers on Relation between Transmission Line and 
Transformer Insulation, by W. W. Lewis, (see p. 1111) 
and Rationalization of Transmission-System Insulation 
Strength, by. Philip Sporn, (see p. 1132) which were pre- 
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sented at the New Haven Regional Meeting, point out 
the anomalous features of this situation and suggest 
concrete steps to be taken toward its rectification. 

Horizontal Spacing of Transmission Line Conductors. 
While the horizontal spacing of conductors in a 
transmission line is ordinarily determined by the 
clearance necessary at the tower to permit the swinging 
inward of the insulator strings, there are, nevertheless, 
cases where this spacing is determined to avoid danger 
of contact of the conductors out in the span. Among 
such cases are the occasional lines with six horizontally 
spaced conductors on one tower (as in the case of the 
Davis Bridge Line of the New England Power Com- 
pany) and long spans; also some wood pole lines where 
the poles do not carry a ground wire. 

A paper by Mr. P. H. Thomas (see p. 1323), covering 
this subject in detail and proposing an empirical formula 
for the determination of the necessary spacing as 
depending upon the danger of contact out in the span, 
has been secured and is being presented at this 
convention. 

Transmission Line Conductor Vibration. Investiga- 
tions have been carried on through the year on the 
vibration of transmission line conductors of various 
materials in service. These records obtained in the 
field have been supplemented by experimental work at 
the Carnegie Institute of Technology in Pittsburgh. 

The general results of these records and investigations 
are covered in a paper by Theodore Varney, (A. I. E. E. 
Quarterly TRANS., 1928, Part 3, p. 799), read at the 
St. Louis Regional Convention on March 9, 1928. 

These investigations confirm the fact that resonant 
vibrations are due to wind of rather low velocity. The 
effects of these vibrations are more marked when the 
conductor or cable consists of a strong material giving 
a high elastic limit, as would be expected. 

It appears that practically all wires or stranded 
cables suspended in the air are in a constant state of 
vibration. It is only, however, when the wind velocity 
is uniform throughout the span and bears certain 
definite relations to the elastic characteristics of the 
span that resonant vibration of considerable amplitude 
is set up. 

Resonant vibration of considerable amplitude has . 
been observed and recorded in many cases. In com- 
paratively few of these cases has damage to the con- 
ductor or cable resulted. It is to safeguard such cases, 
however, that the investigation has been carried on 
and comparatively simple methods for overcoming 
these difficulties have now been suggested. 

In view of the complexity of the problem and the 
consequent difficulty of prophesying in advance whether 
or not trouble may arise, it appears probable that some 
one of the several comparatively simple safeguards 
which have been developed should be considered in the 
design of any new transmission line of importance. 

It is believed to be a simple and sound principle to 
reinforcea transmission conductor at its point of support, 
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particularly if the spans are long, the weather conditions 
severe, and the line important. 

Movements of Overhead Line Conductors during Short 
Circewts. A paper by W. S. Peterson and H. J. 
McCracken, Jr., covering a considerable amount of 
experimental data on the movements of overhead line 
conductors due to electromagnetic forces under short 
circuit conditions was presented at the Pacific Coast 
Convention in August (A. I. E. E. Quarterly TRANS., 
Vol. 48, No. 1, Jan. 1929). In overhead lines where 
heavy short circuit currents are encountered, this 
is a feature of design which cannot be neglected, 
and it is hoped that the paper mentioned, together with 
other available information, will make possible a more 
rational treatment of this problem. 


UNDERGROUND CABLES 


General Renew. The outstanding feature of under- 
ground transmission during the year is the placing in 
service in the summer of 1927 of 18 mi. of 132-kv. lines 
in Chicago and New York. These installations were 
described before the Institute at the Chicago Regional 
Meeting in November 1927. There have been no 
electrical failures on these installations, and the only 
troubles have been minor oil leaks in joints and other 
appurtenances and a few leaks in cable sheaths. In all 
cases of leaks the repair work was deferred until the 


line could be taken out of service without inconvenience: 


to the operating company. 

No marked developments in the design of under- 
ground cable for general use have taken place during the 
year. Impregnated paper insulation is very generally 
employed and wood pulp paper is rapidly replacing 
manila paper. The advantages due to the superiority 
of the mechanical properties of manila rope paper over 
- wood pulp paper have very largely been overcome by 

reason of improvements in the production methods with 
wood pulp paper. On the other hand, the latter has a 
higher dielectric strength than the manila paper which 
has thus far been used and research investigations 
have shown it to have as high temperature limitations. 
Sector shape conductors are being very largely used 
in high voltage three-conductor cable. Shielded type 
three-conductor cable is being marketed by a number 
of manufacturers for the higher operating voltages and 
some manufacturers of single-conductor cable for extra 
high voltage three-phase operation arerecommending the 
use of the shielded type of construction for such cable. 
All of the available evidence indicates that on the 
whole there has been a distinct improvement in the 
quality of high voltage cable during the past few years. 
Statistics on more than 5,000,000 ft. of such cable pur- 
chased under rigid specifications by a group of central 
station companies show that only 3.22 per cent of the 
eable submitted during 1927 was below the standards 
prescribed by the specifications,—the lowest of con- 
-tinually decreasing percentages during the past five 
years. There has been a steady increase in dielectric 
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strength of cable during the past few years. Dielectric 
losses and power factor are at about a minimum,— 
the average power factor for cable with a wide range of 
voltage ratings and sizes being about 0.6 per cent at 
room temperature and operating voltage. 

Another outstanding feature has been the marked 
decrease in the effect of bending on the dielectricstrength 
of paper-insulated lead-covered cables. For the past 
two or more years cable could be subjected to a very 
severe bending manipulation without any appreciable 
effect on the dielectric strength. 

Existing specifications provide certain maximum 
allowable operating temperatures for impregnated-paper- 
insulated cables depending upon the rated voltages. 
Neither these specifications nor the standards of the 
A. I. E. E. specify a method of determining the maxi- 
mum temperature in the cable during operation. In 
order to make a start on clearing up this situation the 
subcommittee on impregnated-paper-insulated cable 


research has made arrangements with the Massachusetts 


Institute of Technology for studies on the thermal 
resistivity of impregnated paper insulation, including the 
devising of a standard method of measuring the resis- 
tivity which will be acceptable to the manufacturers and 
users. 

Cooperative Actimties. A number of the central 
station companies that purchase large quantities of 
underground cable annually, cooperate in the inspection 
and testing of new cable, in the analysis ofa largeamount 
of inspection and test data thus made available, and in 
a certain amount of experimental research work. These 
statistical analyses are the basis of the above statements 
in reference to quality improvement. 

Among the research studies which have been made, 
one on the relative dielectric strength of single- 
conductor versus three-conductor cable indicated that 
single-conductor cable has a dielectric strength which, 
if expressed as the average voltage gradient which will 
cause failure in 10 hr., is about 60 per cent greater than 
that of three-conductor belted type cable, the advantage 
over shielded three-conductor cable being about half 
that amount. 

Manufacturers of cable, however, are in good agree- 
ment that the advantage in dielectric strength of single- 
conductor cable as compared to three-conductor belted 
cable for these conditionsisonly about 30 per cent, with a 
corresponding reduction to possibly 15 per cent for 
shielded three-conductor cable. Further investigation 
of the data will probably serve to reconcile the discrep- 
ancies between these figures. 

Another rather extensive investigation has estab- 
lished the relationship between life and voltage for 
modern cable, namely, that the life varies inversely 
with approximately the sixth power of the voltage in the 
case of single-conductor cable and approximately the 
seventh power of the voltage in the case of three- 
conductor cable within the range of the test. 

Effectiveness of Specifications and Cable Performance. 
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The effectiveness of specifications and the accompany- 
ing inspection and tests in guaranteeing satisfactory 
service of cable are often questioned and few data exist 
from which definite conclusions may be drawn. Ob- 
viously the answer to this question can be found only by 
following the history of inspected cable after it goes into 
service. ‘The importance of this question and the still 
greater. importance to the operating engineer of 
thoroughly reliable records of cable performance have 
been recognized and all of the important data in con- 
nection with all failures of cable in service on a number 
of the larger systems are now being systematically 
collected. It is believed that these studies will yield 
some very important results but they have not yet 
been continued long enough to justify conclusions. 
However, it has already been found that a very con- 
siderable percentage of the sections of cable which 
failed in service without external cause had some ab- 
normal feature of more or less significance in the 
original inspection record. 

Quality Rating. It is generally recognized that all 
items of inspection and test are not of equal value, and 
that no one characteristic determines the quality of a 
given piece of cable. On the other hand it is probably 
true that no two engineers will agree as to just which 
characteristics do determine cable quality. Neverthe- 
less it is appreciated that a method of weighing char- 
acteristics, assigning grades on a scale of test 
performance for each characteristic and thereby obtain- 
ing a single figure of merit for a given lot of cable, 
would furnish an engineer with a useful means of 
evaluating that cable: Such a procedure of quality- 
rating has been set up and is now being applied in the 
cooperative work referred to above. Such a procedure, 
even though strictly empirical, will, if it proves to 
coordinate with service records, be of great value to the 
industry. 

Losses in Armored Single-Conductor Cables. The 
calculation of potential drop and energy loss in single- 
conductor steel armored cables used for three-phase 
circuits is not susceptible of accurate predetermination 
with the information now available. 

In 1909, J. B. Whitehead and H. W. Fisher (TRANS. 
A. I.E. E., Vol. 28, p. 737, and Trans. A. I. E. E., Vol. 
28, p. 747 respectively) published some experimental data 
on this subject supplemented by theoretical discussions. 
The Whitehead formulas are revised in the light of 
further discussions in Wm. A. Del Mar’s Electric 
Cables, 1924, p. 142. 

Since that date the subject of drop in unarmored 
single-conductor cables has been very fully discussed in 
series of monographs in the Journal of the Institution of 
Electrical Engineers (London 1926 and 1927) and the 
theoretical principles evoked seemed to warrant the 
more careful! study of the case of armored cables. 

The main features that differentiate the latter from 
the former case are the difficulty of calculating the 
magnetic flux in the steel wires in view of the indefinite- 
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ness and variability of the air-gaps between them and 
the variability of the magnetic properties of armor wire. 

The variety of iron armored single-conductor cables 
tested and the data obtained have not been sufficient to 
permit establishing a generally applicable calculating 
procedure for circulating currents and losses. While 
the data available cover sufficiently well for practical 
use the loss calculations for the few designs considered, 
iron armored cables of radically different design would 
probably require additional empirical data to be 
derived from tests, as a basis for the calculations. If the 
proper additional tests were made for a few other types 
of armor designs, a more general calculating procedure 
could probably be established. 

A paper! is under preparation reviewing the knowl- 
edge at hand, and reporting the results of recent tests 
and analysis as a further step of progress toward a 
more general understanding of the problem. 

In general the use of copper armor in place of steel 
will greatly reduce the losses in a submarine cable. 
In many cases either copper or iron armor is mechani- 
cally feasible; and the question as to which should be 
used in a given project will then be decided on an 
economic basis. The paper will include an analysis 
of the economic factors involved. 


Alternating-Current Electrolysis of Lead Cable Sheaths. 
The use of single-conductor cables in separate ducts for 
three-phase circuits of high voltage has led to the 
adoption of various methods for the reduction of in- 
duced currents in the sheaths. These schemes entail 
a-c. potentials from the sheaths to ground of varying 
magnitudes and the question of whether electrolytic 
corrosion of the cable sheaths is likely to result from 
this practise is of considerable importance. 

The phenomena involved in the alternating current 
electrolysis of lead are complicated by the chemical 
nature of the electrolyte. However, B. McCullum 
and G. H. Ahlborn state that in general under ordinary 
soil conditions electrolytic corrosion appears to be 
practically negligible when the period of the cycle is not 
greater than about five min. For the details of their 
findings reference should be made to Tech. Paper 72, 
Bureau of Standards 1916. 

J. L. R. Hayden (TRANS. A. I. E. E., Vol. XXVI, p. 201) 
comes to the conclusion that electrolysis on alternating 
current rarely exceeds one-half of one per cent of the 
electrolytic action of the corresponding direct. current. 

Hayden also found that the superposition on an 
alternating current of 1.5 per cent of its value in direct 
current protected the lead against corrosion, the effect 
of course occurring when the cable was negative to the 
ground. E. R. Shepard (TRANS. Am. Electro Chem. 
Soc. 31, 239-51, 1921) in a paper entitled ‘Electrolytic 
Corrosion of Lead by Continuousand Periodic Currents,” 
finds that with direct current the coefficient of corrosion 
in both tap water and earth decreases with an increase 
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in current density, reaching a minimum of about 50 
per cent for current densities of five milliamperes per 
sq. cm. The theoretical maximum of 100 per cent is 
found for low current densities of the order of 0.5 
milliamperes per sq. em. and less. 

If, however, certain salts are present in the electrolyte 
so that the lead ions may react to produce an insoluble 
compound a comparatively large amount of corrosion 
may occur even’ with alternating current. Further 
investigations of this subject are under way and will 
doubtless add much valuable information to our present 
supply, which is none too complete. 

It may also be appropriate to mention here that some 
trouble has been experienced with lead sheath corrosion 
due to the formation of a red lead oxide. The 1915 
report of the N. E. L.A. Committee on Underground 
Construction indicated that reversals in polarity of the 
sheath of long duration would be effective in producing 
corrosion of this type. More recent results indicate 
that such corrosion may occur quite independently of 
electrolytic action, but whether or not d-c. or a-c. elec- 
trolysis may be an important factor in accelerating 
such corrosion is somewhat in doubt. This subject 
was discussed at a special meeting during the April 
Regional Meeting, which was held in Baltimore, and 
as a result of investigations now under way more 
detailed knowledge will probably soon be available. 

Summary. While, as stated, no startling progress 
has been made during the year, attention is called to the 
significance of the many cooperative activities now 
under way, a few of which have been mentioned above. 
The greater attention being given to underground 
cable by operating companies as evidenced by this 
cooperative work, and the constantly increasing 
research work being done by the operating companies 
individually and by the manufacturers, all justify 
expecting continued improvement in high-tension cable. 

Papers Presented during Year. Several papers have 
been presented during the year which are of interest 
to engineers concerned with the design and operation 
of underground cables. Among them may be listed 
the following: 

Joints in High Voltage Multiple Conductor Cable, by 

Thos. F. Peterson, TRANS. A. I. E. E., Vol. 46, 
1927, p. 9638. 
The Influence of Residual Air and Moisture in Im- 
pregnated Paper Insulation, by J. B. Whitehead and 
F. Hamburger, Jr., JOURNAL A. I. E. E., Sept. 1927, 
p. 939. 

High Voltage Measurements on Cables and Insulators, 
by C. L. Kasson, Trans. A. I. E. E., Vol. 46, 1927, 
p. 635. ° 

Electric Strengths of Solid and Liquid Dielectrics, by 
Wm. A. Del Mar, W. F. Davidson, and R. H. Marvin, 
TRANS. A. I. E. E., Vol. 46, 1927, p. 1049. 

Influence of Internal Vacua and Ionization on the 
Life of Paper Insulated High Tension Cables, by 
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Alexander Smouroff and Leo Mashkileison, A. I. E. E. 
Quarterly TRANS., July 1928, p. 731. 

132,000-Volt Single Conductor Lead Covered Cable, by 
P. Torchio, L. Emanueli, W. S. Clark, A. H. Kehoe, 
C. H. Shaw, J. B. Noe, and D. W. Roper, A. I. E. E. 
QUARTERLY TRANS., Vol. 47, No. 1, January 1928, p. 
186. 


POWER LIMITS OF SYSTEMS 


Further progress is reported in the development of 
methods for predetermining power limits of systems 
and of criteria for system stability. From this stand- 
point, important progress has also been made in syn- 
chronous machine theory. 

A number of papers bearing on the problem of power 
transmission has been presented during the year. 
Three of these presented at the Winter Convention 
(bibliography references 1, 2, and 3) have added 
materially to the underlying theory as well as outlining 
methods for predetermining with practical accuracy 
those characteristics of synchronous machines which 
are of importance from the standpoint of stability. 
A paper on power limits with several machines con- 
nected to the system was presented at the Pacific Coast 
Convention (reference 4). A mechanical method of 
calculating power limits is described in a paper pre- 
sented at Baltimore (reference 5). 

Last year’s report indicated the extent to which high 
speed or quick response excitation had been adopted 
as a means of preserving synchronism in a system during 
short circuits. The installations made to date are the 


Farmersville substation of the Southern California 


Edison Company, the Gatineau Falls Development of 
the International Paper Company, and the Conowingo 
Development of the Susquehanna Power Company. 
The experience obtained to date with these installations 
has been insufficient to draw any definite conclusions 
regarding their effectiveness in maintaining stability. 
Without such operating experience, the committee 
has no further statement to make except to repeat the 
opinion generally held, that there is a number of cases 
where quick response excitation may be advantageous. 
It is not a panacea for system troubles. The question 
of its application, of the quickness of response, and of 
the ‘‘ceiling”’ exciter voltage, should be determined by a 
study of the particular conditions of a given case. 
Certain limitations common to all systems, such as 
saturation effects and rotative speeds, have been 
covered in a recent article (reference 10). Although 
there may be cases where conditions would not warrant 
a special excitation system to obtain rapid voltage 
build-up, there are cases, nevertheless, which justify 
very special means to secure not only extraordinary 
quick response, but also a high value of exciter voltage. 
For illustration, such equipments have been purchased 
by the Philadelphia Electric Company as part of five 
80,000-kv-a. condensers which are being installed at 
the Plymouth Meeting and the Westmoreland sub- 
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stations of Philadelphia Electric Company. No operat- 
ing data, of course, are as yet available. Installations 
of this character have been described before the 
Institute and in the technical press (references 7 to 
15, inclusive). 

Further progress is reported in factory tests of power 
transmission, using voltage regulating devices, sub- 
stantiating previous tests demonstrating the possibility 
of stable operation under a condition of dynamic or 
artificial stability, that is, at values of power consider- 
ably above the limit with fixed excitation (references 
13 and 14). It is thus a promising development as 
regards increasing the maximum output of synchronous 
machines. It is expected that even if it is not neces- 
sary at the present time to transmit regularly values of 
power above the steady-state limit, there may be 
occasions when certain branches of a system may be 
momentarily loaded beyond the steady-state limit, 
due to switching operation, sudden load shifts, etc., 
and the devices referred to should prove beneficial 
under such conditions. Data have also been obtained 
indicating that these devices, in conjunction with 
exciters of appropriate characteristics, materially im- 
prove the transient stability of a transmission system, 
that is, the ability of a system to carry through short 
circuits, and that they assist in helping to steady down 
a system which has been set into violent oscillation as 
the result of a severe short circuit. 

There is an urgent need for further field data. These 
data should take two forms: 

a. Further tests on systems for which calculations 
have been made, as a check on such calculations. 

b. Data secured during transients encountered in 
normal operation, by means of special recording de- 
vices, such as the automatic oscillograph and the high 
speed recorder. Preferably these data also should be 
obtained on systems for which calculations have been 
made. 

Some work has already been done along the latter 
line, and has been reported to the Institute (reference 16). 
In addition, there is a need for further data on the total 
impedance in the path of short circuit currents flowing 
from conductor to neutral at the values of current 
ordinarily encountered in such short circuits. A 
method for obtaining these data, together with a dis- 
cussion of the effect of ground resistance upon the 
stability problem, has recently been published (reference 
17). 

It is felt that in the problem of maintaining synchro- 
nism between all machines connected to a system during 
short circuits, very considerable benefit will be obtained 
by reducing as far as possible the magnitude and dura- 
tion of the disturbance caused by a short circuit. It is 
not generally practicable to reduce the short circuit 
current by the introduction of series impedance in the 
path of load currents as this decreases the power limits 
directly. Since, however, most short circuits occur 
from line to neutral, considerable benefit may be ex- 
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pected from making use of means which limit the value 
of line to neutral short circuit current without increasing 
the impedance of the system to normal load current. 

For illustration the following means are available: 

1. In the case of an a-c. low voltage network by 
feeding the network from a number of small step-down 
stations, thereby limiting the current caused by a 
short circuit on the distribution system. 

2. Grounding only part of the transformer banks at 
any one point. 

3. The introduction of impedance devices in the 
neutral connection. Other means may be desirable in 
special cases. 

In the belief that the trend in the future will be in the 
direction of reducing fault currents without increasing 
the impedance of the system to load currents, the 
committee therefore recommends that in the case of 
new systems or in the case of extensions to or changes in 
existing systems, consideration be given to means of 
reducing such fault currents. 

For papers and articles reference should be made to 
the Bibliography (2) covering this subject. 
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REACTANCE OF MACHINES 


1. Synchronous Machines IV, by R. E. Doherty and C. A. 
Nickle, Trans. A. L. E. E., Vol. 47, No. 2, April 1928, p. 457. 

2. Calculation of Armature Reactance of Synchronous 
Machines, by P. L. Alger, Trans. A. I. E. E., Vol. 47, No. 2, 
April 1928, p. 493. 

3. The Reactance of Synchronous Machines, by R. H. Park 
and B. L. Robertson, Trans. A. I. E. E., Vol. 47, No. 2, April 
1928, p. 514. 

Srapitiry Limirs 

4. Static Stability Limits and the Intermediate Condenser 
Station, by C. F. Wagner and R. D. Evans, Trans. A. L 
E. E., Vol. 47, No. 1, January 1928, p. 94. 

5. Quantitative Mechanical Analysis of Power-System Tran- 
sient Disturbances, by R. C. Bergvall and P. H. Robinson, 
presented at Baltimore Regional Convention, April 19, 1928. 

6. “Baum Principle of Transmission,” by C. L. Fortescue, 
Electrical W orld, May 7, 1927. 


Quick Response 
7. “Quick Response Excitation for Alternating Current 
Machines,” by C. A. Powel, Electric Journal, April 1927, p. 157. 
8. “High Speed Excitation for Stability,’ Abstract of 
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paper presented before N. E. L. A. Apparatus Committee by 


_C. A. Powel, Electrical World, May 21, 1927, p. 1061. 


9. “High Speed Excitation for Generators,’ by F. G. 
Hamner, Electrical World, August 6, 1927, p. 263. 

10. “Practical Considerations Affecting Quick Response 
Excitation for Salient Pole Machines,’ by P. H. Robinson, 
Electric Journal, February 1928, p. 65. 

11. “Super-Excitation,” by D. M. Jones, General Electric 
Review, December 1927, p. 580. 

12. “Super Excited Condensers,” by O. A. Gustafson, Elec- 
trical W orld, February 18, 1928, p. 349. 

13. Excitation Systems, by R. E. Doherty, A. I. E. E. 
Quarterly Trans., July 1928, p. 944. 

14. Voltage Regulators, by C. A. Nickle and R. M. Carothers, 
A. I. E. E. Quarterly Trans., July 1928, p. 957. 

15. Super Excitation, by D. M. Jones, presented at A. 1. E. E. 
Regional Convention at Baltimore, 1928. 


System Data 
16. Transients Due to Short Circuits, by R. J. C. Wood, 
L. F. Hunt, and S. B. Griscom, Trans. A. I. E. E., Vol. 47, Jan- 
uary 1928, p. 68. 
Ground RESISTANCE 


17. “Characteristics of Ground Faults on Three-Phase 
Systems,” by S. B. Griscom, Electric Journal, April 1927, p. 151. 


Discussion 


D. W. Roper: Mention is made in the report of the under- 
ground 132-kyv. cable installations in New York and Chicago. 
I think the report would properly be supplemented by a state- 
ment of the service record of that cable. There are approxi- 
mately 36 mi. of cable in New York and 18 mi. of cable in 
Chicago. The latter installation has been in service nearly 13 
months and the New York installation nearly 11 months. The 
total service record amounts to nearly the equivalent of 50 mi. 
of cable for one year and during this time there have been no 
electrical failures, a record which I believe is unequaled by any 
recent performance of any underground cable from the time when 
the first installation of a higher-voltage cable was installed in 
this or any other country. 

The paper mentions also some trouble with red oxide of lead 
on underground cables in certain locations. There was a meeting 
at Baltimore to discuss the subject. The results of that meeting 
and subsequent experiments did not get reported to the Chair- 
man in time to be included in this report and I thought they 
might be interesting. 

The clue was given by a peculiar condition in Chicago, where 
a concrete conduit was cast in place. The conduit was so en- 
closed that air could not reach it readily. This conduit was con- 
nected to another conduit made of pre-cast sections and so located 
that water might drain from the first conduit into ‘the pre-cast 
conduit. Corrosion was found on cables in both conduits, but 
mostly in the lower conduit. 

In the disucussion at Baltimore it was brought out by cement 
experts that cement requires carbon dioxide for setting as well 
as moisture. 

In the case of the monolithic conduit, there was abundant 
moisture, but apparently a deficiency of carbon dioxide. Evi- 
dently the carbon dioxide absorbed by the water seeping into 
the concrete structure from the surrounding earth was all given 
up to the outer portion of the concrete. The water, continuing 
its course through the concrete to the interior of the ducts, 
picked up the alkaline hydrates from the uncured concrete and 
then ran down through the conduit and into the other conduit. 
The alkaline hydrates attacked the lead sheaths principally 
in the pre-cured ducts, which are only slightly inclined. This 
was confirmed by analyses of the water taken from the ducts 
which show hydroxides of lead and calcium. 

The action of these hydrates can be stopped temporarily 
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by the application of carbon dioxide gas to the duets or allow it 
to bubble up through the water in the duets; but the relief ob- 
tained in this manner is only temporary. Analyses taken a few 
days after the application of the gas again show a dangerous 
amount of the alkaline hydroxides. The trouble has continued 
for over 15 months after the installation of the monlithic conduit, 
and a solution for the trouble has not yet been found. 

In this case, where the corrosion was due to chemical action, 
the products of corrosion are generally from a yellow to a deep 
red color, while in mild cases of electrolysis extending over several 
years, the corrosion products range from a white to a light yellow 
in color. 

The conclusion is that when ducts are cast in place at least a 
month should elapse to give the concrete time to set before 
cables are installed. 

Harold Michener: [ should like to say a little about vibra- 
tion. We of the Southern California Edison Company think the 
subject of conductor vibration is very important and probably 
should be emphasized more than it is in this report. I think we 
have published more about our troubles due to conductor vibra- 
tion than any other company. We feel that we have solved the 
problem, and that with the use of these vibration dampers we 
can hold any conductor so that it will not vibrate appreciably. 

I think this should be considered very carefully in connection 
with the ground wires as well as in connection with the condue- 
tors. I would recommend particularly that those who are 
putting up ground wires in suspension clamps expecting them to 
prevent breaking of the ground wires at the points of support 
should keep very close watch of those points of support. We 
feel that when there is vibration the thing to do is to stop the 
vibration rather than try to put some arrangement at the points 
of contact that will ease off the deteriorating effect that the 
vibration has even though flexibility and easy entrance curva- 
tures undoubtedly are of some benefit. 

M. T. Crawford: Since submitting data to the committee 
from which the figures in Table I, Company 5, were compiled, I 
have secured additional data covering simultaneous years opera- 
tion of another company’s 110-kv. wood-pole transmission line 
running through the same territory. This line was built with a 
ground wire throughout, whereas the line shown in the com- 
mittee report was without the ground wire. It is interesting to 
note that over a three-year period this line averaged 0.88 breaker 
openings per hundred miles per year, which is very close to the 
average of the values shown for the wood-pole lines without 
ground wires for Company 5 through the same period. 

These lines are located in the Puget Sound region where 
lightning is comparatively infrequent, but with over a thousand 
miles of line and in a three-year period the results should be 
fairly indicative of the value of the ground wire and do not 
seem to show that the ground wire is economically justified 
under conditions obtained in this locality. As a result of this 
analysis, the Puget Sound Power & Light Company is now 
building additional 110-ky. wood-pole transmission lines about 
one hundred miles in length and no ground wire is being installed. 


Philip Torchio: Numerous data have been collected in 
recent years regarding lightning disturbances on transmission 
lines and the preponderance of the evidence available indicates 
quite clearly that a great deal of protection may be expected from 
the use of ground wires. In some cases, such as the one men- 
tioned by Mr. Crawford, the ground wire has not appeared to 
give the anticipated benefits and it is to be hoped that future 
records of operation and studies of the local conditions will 
disclose the reason for these variations. There are so many 
variables involved in studies of this kind that it is only by the 
analysis of records which cover a long period of time and which 
have been most carefully correlated with the local conditions 
that helpful deductions can be made. Fortunately, we now 
have the klydonograph which is of invaluable aid in carrying 
on these investigations. 
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ANNUAL REPORT OF COMMITTEE ON PROTECTIVE DEVICES~ 


To the Board of Directors: 

The principal work of the Committee this year has 
been—, first, arranging for and the actual prepara- 
tion of papers for presentation at meetings of the Insti- 
tute, of which there have been one or more presented at 
practically every meeting of the Institute, and second,— 
the work of standardization, the result of which work 
is reported below. 

The work of the Committee has been carried on by 
subcommittees, each under the direction of its own 
chairman, and after the first organization meeting at 
New York in September further meetings have been 
held by the subcommittees individually. The subjects 
covered and the chairmen in charge of the subcom- 
mittees are as follows: 

Current Limiting Reactors, A. H. Sweetnam, Edison 
Elec. lum. Co., Boston, Mass. 

Communication Circuit Protection, H. W. Drake, 
Western Union Tel. Co., New York, N. Y. 

Industrial Control Equipment and Service Protec- 
tion, R. C. Muir, General Electric Co., Schenectady, 
N.Y. 

Lightning Arresters, J. A. Johnson, Niagara Falls 
Power Co., Niagara Falls, N. Y. 

Cireuit Breakers, Switches, and Fuses, J. M. Oliver, 
Georgia Power Co., Atlanta, Ga. 

Reactors, W. H. Millan, Union Elec. Light & Power 
Co., St. Louis, Mo. 


SUBCOMMITTEE ON INDUSTRIAL CONTROL EQUIPMENT 
AND SERVICE PROTECTION 
The subcommittee has prepared a revision of the 
A. LE. E. Industrial Control Standards. This re- 
vision is in process and not finished sufficiently to be 
presented at this time. 


SUBCOMMITTEE ON COMMUNICATION CIRCUIT 
PROTECTION 
The subcommittee has arranged for several papers 
and is giving active study to the question of standard- 
ization. 
Reports of other subcommittees attached. 


BB. E. Argersinger Herman Halperin. W~. H. Millan, 

3 F.C. Hanker, B.C. Muir, 
A C. Commins, J. Allen Johnson. J. M_ Oliver, 
HW. Drake. B. L. Kingsland. A. H. Schirmer, 
W. S Edsall M. G. Liosd. H. P. Sleeper, 
L. E_ Frost, K. B. MeEachron. A. H. Sweetnam, 
James S_ Hagan. FP. D. Wyatt. 


Presented at the Summer Consention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


Proposed Standards for Lightning Arresters 
No. 
Prepared by Subcommittee on Lightning Arresters 
Corrected to April 12, 1928 


: SCOPE 
The standards in this section shall apply to all types 
of lightning arresters embraced within the classifications 
given in paragraphs 28-100 and 28-101. 


SERVICE CONDITIONS 

28-1 Usual Service Conditions—Apparatus con- 
forming with these standards shall possess its specified 
characteristics and be capable of successful operation: 

a. When and where the ambient temperature 
does not exceed 40 deg. cent. for air. 

b. Where the altitude does not exceed 1000 
meters (3300 ft.).* 

28-2 Unusual Service Conditions——The use of ap- 
paratus under conditions other than noted under 
(28-1) shall be considered as special. Other conditions 
which may require special consideration are: 

a. Temporary overvoltage (such as may occur 
due to apparatus or line regulation, and/or genera- 
tor over-speed, following sudden loss of load). 

b. Sustained overvoltage (such as may result 
from accidental arcing grounds on one-phase of a 
circuit of which the neutral either is not earthed 
or is earthed through a considerable resistance). 

c. Sustained overvoltage (such as may appear 
on non-earthed circuits by induction from un- 
balanced parallel higher voltage circuits in close 
proximity, or by contact with circuits of higher 
voltage). 

d. Sustained overvoltage caused by removal of 
neutral connection to earth in combination with a 
grounded conductor (such as may occur on part of 
a system when it is disconnected from, or located 
at a great distance from, the part of the system 
having the neutral earthed). 

e. Exposure to damaging fumes, vapors, or 
dusts. 

f. Exposure to salt air. 

g. Operation in damp places or climate. 

h. Exposure to steam. 

i. Exposure to excessive oil vapor (which may, 
by condensation and accumulation, change the 
characteristics of spark-gaps, or be ignited by a 
spark and produce a conducting flame). 

*The limitations of temperature and altitude are adopted for 
the purpose of uniformity with other standards. Manufacturers 
consider as standard an altitude up to 1214 meters (4000 ft.). 
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j. Exposure to excessive dust. 
k. Exposure to explosive gases or dusts. 
1. Exposure to abnormal vibration or shocks. 
Where such conditions exist, it is recommended that 
they be brought to the manufacturer’s attention. 


DEFINITIONS 

28-50 Lightning.—Lightning is an electrical dis- 
charge* occurring in the atmosphere from cloud to 
cloud, between cloud and earth or within a cloud. 

28-51 Lightning Surget+—A lightning surge is a 
transient electrical disturbance in an electric circuit 
caused by lightning. 

28-52 Test Surge—A test surge is an electrical 
impulse of specified characteristics produced for the 
purpose of laboratory tests. 

28-53 Lightning Arrester—A lightning arrester is a 
device providing a path for electric current between an 
electric circuit and earth through which, upon occur- 
rence of a lightning surge, current will be conducted in 
sufficient amount to reduce the over potential of the 
circuit caused by the surge, and thereafter will cease 
to be so conducted. 

28-54 Discharge Current.—The discharge current of 
a lightning arrester is the surge current which flows 
through the arrester to earth upon the application to 
its terminals of a lightning or test surge. 


28-55 Follow Current—When surge current passes 
through a lightning arrester there is formed a conduct- 
ing path through which generated currentit may also 
flow. The generated current which follows the surge 
current through the arrester in this manner is called the 
“follow current.” 

28-56 Ground (Noun and Verb).—A conducting 
connection, often accidental, between an electrical 
circuit and earth, or any other conducting or partly 
conducting structure or material. 


*When such a discharge between cloud and earth terminates 
on a transmission line, apparatus, or other objects with which 
we are concerned, it is called a ‘“‘direct stroke”’ of lightning. 

Although direct strokes may be destructive, they usually 
strike electrical systems only in the transmission circuits, where, 
in the present state of the art, it is not economic to protect 
completely against them. Lightning arresters are not, in general, 
designed to protect against direct strokes. 

In relation to the circuit as a whole a lightning surge usually 
takes the form of a traveling wave or transient in space. In 
relation to any given point of the circuit, however, such a surge 
manifests itself as a transient in time. A lightning surge mani- 
festing itself as such a time transient at a point in a circuit may 
be caused by: 

1. A direct stroke of lightning at or near the point. 

2. A traveling wave caused by a direct stroke elsewhere 
on the circuit. 

3. Release of bound induced charge at the point (as 
by nearby discharge of cloud). 

4. A traveling wave resulting from release of bound 
charge elsewhere on the circuit. 

tIn these standards the current, voltage, and frequency that 
are supplied to the circuit by the source of power are called 
respectively, generated current, generated voltage, and generated 


frequency. 
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The term “ground” is used loosely, There 
may be no connection with the real ground or 
earth. For example, when a porcelain insulator 
is punctured and a conducting path is formed 
between the supported line wire and the support- 
ing metallic pin it is customary to say the line is 
“grounded” to the pin in spite of the fact that 
the pin may be thoroughly insulated from earth 
by a dry wooden pole and crossarm. An overhead 
ground wire is said to be “grounded” to a steel 
tower although the tower may not be earthed. 

28-57 Earth (Noun and Verb).—An _ intentional 
electrical connection or contact with the earth. 

Unlike “ground,” the word “earth” when used 
in this sense is an unequivocal term having but 
the one meaning. Earths are usually made by 
driving one or more metallic pipes or rods into 
the earth; by burying metal plates or other con- 
ducting material in the earth with suitable con- 
nections thereto or by connecting with metallic 
materials (such as water pipes) already buried in 
the earth. The resistance of an ‘‘earth’” depends 
in general upon the extent of contact with the 
soil, the degree of moisture present, the nature 
of the soil and its soluble content. 

28-58 Series-Gap.—A spark-gap connected in series 
with a lightning arrester, to keep the circuit through 
the arrester open under normal conditions and to close 
the circuit for the lightning discharge by sparking. 

28-59 A Horn-Gap.—lIs a spark-gap equipped with 
metal horns to assist in interrupting follow current. 
Such a gap is sometimes used as a series-gap with a 
lightning arrester. 

28-60 <A Protected Series-Gap.—lIs a series-gap pro- 
tected from rain and other precipitation by a roof or 
cover. 

28-61 Characteristic Element—The characteristic 
element of a lightning arrester is that part of the ar- 
rester whose function it is to control the discharge 
current, and suppress the follow current. 

28-62 Cathode Ray Oscillograph.—An oscillograph 
in which the moving element consists of a pencil of 
cathode rays. Such a moving element has no inertia 
and hence can be made to record accurately transients 
of extremely short duration. 

28-63 Microsecond.—A time interval of one-mil- 
lionth (10-*) second. 


CLASSIFICATION 
28-100 Classification According to Use.—Lightning 
arresters may be classified according to the uses for 
which they are designed and intended, as follows: 
a. As to kind of circuit to be protected; as 
power or communication type. 
b. As to location; as line or station type. 
ec. As to weather protection; as indoor or 
outdoor type. 
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d. As to nature of generated circuit current; 
as d-c. or a-c. type. 

e, As to system connection; as for earthed or 
non-earthed neutral. 

28-101 Classification as to Control of Follow Current.— 

There are two general types: 

a. Valve Type: A valve type arrester is one 
whose characteristic element has a high effective 
resistance at normal line potential, which resis- 
tance decreases with increasing potential and 
returns to its original value as the applied potential 
returns to normal. These characteristics result, 
in general, in suppression of follow current. 

b. Follow Current Type: A follow current 
type arrester is one which permits follow current to 
flow. Some arresters of this type effect the 
interruption of the follow current by means of 
the operation of some current interrupting device, 
and others by means of the cyclic nature of the 
generated voltage in combination with some 
property of the characteristic element. 


RATING 

28-150 Rating Defined—A rating of a machine, 
apparatus, or device is an arbitrary designation of an 
operating limit. Lightning arresters are given voltage 
ratings only and are rated in terms of generated r. m. s. 
circuit voltage. 

28-151 System Voltage Rating—The system voltage 
rating of a lightning arrester is the rated r. m. s. system 
voltage upon which the arrester is intended to be used. 
This rating will usually determine the general insula- 
tion requirements of the arrester. 

28-152 Maximum Voltage Rating—The maximum 
voltage rating of a lightning arrester is the maximum 
operating r. m. s. voltage to which the arrester should be 
subjected.* This rating determines the breakdown 
voltage of the series-gap and the protective character- 
istics of the arrester. 


CHARACTERISTICS AND PERFORMANCE 
28-160 Characteristics Enumerated—The suitability 
of a lightning arrester for its purpose depends upon the 
degree in which it possesses three characteristics or 
properties, viz.: 
1. Protective ability of which its “protective 
characteristic” is a measure. 
2. Ability to perform its operating cycle. 
3. Permanence, involving both its ability to 


*Since a lightning arrester is intended as a protective device 
against transient overvoltage, its breakdown voltage is nee- 
essarily lower than that of the apparatus it is designed to protect. 
Its voltage rating, therefore, must have special consideration. 
Increasing the generated voltage at the terminals of an arrester 
above its maximum rating reduces its factor of safety and may 
result in its destruction at the time of discharge. On the other 
hand, choosing an arrester of a rating above the usual maximum 
voltage of the cireuit to meet abnormally high generated voltage 
on the system reduces the effectiveness of the arrester as a 
protective device. 
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retain its protective ability and to repeat its 
operating cycle. 
ability involves both the frequency and number of 
such repetitions. 

28-161 Protective Choracteristic—The protective 
ability of a lightning arrester under given conditions 
depends upon the voltages to which it limits the surge 
and the times during which it permits such voltages to 
be maintained. Since protective ability is a function of 
both voltage and time, it cannot well be expressed by a 
single quantitative value, but is better indicated by a 
curve with time and surge voltage as coordinates. 
Such a curve obtained under controlled test conditions 
is the “‘protective characteristic’ i of the arrester under 
those conditions, and when obtained under the standard 
test conditions specified under 28-201 shall be called the 
“Standard Surge Protective Characteristic’ of the 
arrester. 

28-162 Operating Cycle.**—The operating cycle of a 
lightning arrester embraces the following actions: 

1. At the start of the cycle the circuit through 
the arrester is open thus permitting no current to 
flow. (In arresters without series-gaps a very 
small current may flow.) 

2. Upon the occurrence of a lightning surge or 
other transient potential exceeding a certain 
voltage the series-gap breaks down and/or the 
effective resistance of the characteristic element 
decreases, permitting surge current to pass through 
the arrester. 

3. Surge current continues to flow so long as 
sufficient surge potential persists and may be 
followed by generated current—depending upon 
the type of arrester. 

4. Upon cessation of the surge potential, or its 
reduction to some lower value, surge current 


The ability of a lightning arrester in service to protect appara- 
tus against lightning surges depends in part upon certain condi- 
tions external to the arrester itself. Among such conditions 
are: 

a. The characteristies of the incoming surge. 
b. The surge impedance of the circuit over which the 
surge arrives. 
ce. The number and surge impedance of circuit branches 
starting at or near the point of connection of the arrester. 
d. The length and impedance to surge current of con- 
nection from cireuit to arrester and from arrester to earth. 
e. The distance along all circuit branches between point 
of connection of lightning arrester and the apparatus to 
be protected. 
f. The characteristies of the apparatus to be protected. 
iThe relative effects of the magnitude and the time of applica- 
tion of voltage in causing breakdown of insulation are not as 
yet definitely known. A “protective characteristic” of a light- 
ning arrester is a measure of its ability to protect against the 
surge by which it was obtained, but cannot be evaluated in 
absolute terms until insulation characteristics are better known 
than at present. 

**The successful performance by a lightning arrester of ite 
operating cycle is in no degree an indication of its protective 
ability which depends upon other characteristics and conditions. 


The measure of this latter — 
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ceases to flow and at some time thereafter the 
follow current—if present—is interrupted, thereby 
restoring the arrester to a condition of open circuit. 
At the completion of its operating cycle an arrester 
should be in condition to repeat the cycle immediately, 
although it shall not be assumed that the cycle may be 
thus repeated indefinitely. 
The performance of its operating cycle should not 
appreciably alter the protective characteristic of the 
arrester. 


TESTS 


28-200 The following tests shall apply to all arresters 
except those with large electrostatic capacity used 
without series gaps. 


TESTS FOR PROTECTIVE CHARACTERISTICS 


28-201 Standard Surge Protective Characteristic — 
Tests to determine the standard surge protective 
characteristic of a lightning arrester shall be made by 
the use of a test surge, the voltage of which shall be 
unidirectional and shall rise at the rate stated in 28-202 
until the arrester begins to discharge, after which the 
discharge current through the arrester shall rise at the 
rate of 100 amperes per microsecond to a crest value 
of 1000 amperes and thereafter decrease to 500 amperes 
in not less than 10 microseconds. 

28-202 Rate of Voltage Rise of Standard Test Surge.— 
The rate of voltage rise of the standard test surge prior 
to beginning of arrester discharge shall be as follows: 

a. For arresters or arrester sections of low 
voltage rating up to 11 kv.-100 kv. per microsecond. 

b. For arresters or arrester sections of ratings 
higher than 11 kv. the rate of rise of voltage of the 
standard test surge shall be increased proportion- 
ately, 7. e., 200 kv. per microsecond for a 22 kv. 
arrester, etc. 

28-203 Parts of Arresters to be Used for Protective 
Characteristic Tests—For determining the protective 
characteristics of low-voltage arresters up to 11 kv. 


system voltage rating, the entire arrester shall be used 
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(single pole). For arresters of higher voltage ratings 
tests may be made on suitable sections of the arrester 
whose combined voltage ratings do not exceed 11 kv., 
with series-gap set for proportionate sparking voltage, 
and the results extrapolated.t 

28-204 Other Protective Characteristics—Tests for 
protective characteristics with test surges other than 
standard may be made, but in every such case the exact 
characteristics of the test surge employed, including the 
rate of voltage rise prior to beginning of arrester dis- 
charge, rate of current rise thereafter, crest value of 
current, and duration or rate of decay of current, shall 
be stated or shown by suitable cathode ray oscillograms. 

28-205 Use of Cathode Ray Oscillograph.—Pro- 


tIn the present state of the art more accurate results can be 
secured by test on low voltage sections and extrapolating, than 
by direct test on higher voltage units requiring a voltage divider 
to use the oscillograph. 
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tective characteristics of lightning arresters shall be 
determined by the use of a cathode ray oscillograph. 


TESTS FOR PERFORMANCE OF OPERATING CYCLE 


28-210 Parts of Arrester to be Used.—Tests for the 
performance of its operating cycle may be made upon a 
single pole of the arrester and in the case of valve type 
arresters of sectional construction may be made upon 
suitable low voltage sections at proportionate generated 
voltages and with proportionate series-gaps. 

28-211 Characteristics of Test Cireuit—The ar- 
rester shall be connected across a circuit of voltage 
equal to the maximum rated voltage of the arrester or 
arrester section under test and of such power capacity 
and impedance that the generated voltage across the 
arrester shall not be decreased more than five per cent 
below rated voltage for a period of more than one-half 
cycle of generated current at the crest of the follow 
current. A non-inductive load, which in the case of 
higher voltage arresters may be a transformer with 
loaded secondary, shall be connected across the ar- 
rester terminals, so adjusted that generated power 
current of the order of five to ten amperes shal] be 
flowing past the arrester during the test. 

28-212 Initiation of Discharge.—Discharge shall be 
initiated by a test surge so timed as to start follow 
current as early as possible in a half cycle of generated 
voltage. If no follow current fiows the surge should 
strike at the crest of the generated voltage wave. 

28-213 Oscillographie Record.—Voltage and current 
relations during the period of follow current fiow shall 
be determined by the use of an oscillograph, the electro- 
magnetic type being suitable for this purpose. 

28-214 Standard Operating Duty—The standard 
operating duty of a lightning arrester shall be ten 
operating cycles at intervals of one minute. 

28-215 Condition of Arrester at Completion of Stand- 
ard Operating Duty At the completion of its standard 
operating duty the arrester shall be in the following 
condition: 

a. The breakdown voltage of the series-gap 
shall not be appreciably altered. 

b. The protective characteristics of the arrester 
shall not be appreciably altered. 

ce. The arrester shall be in condition to repeat 
its operating duty, though not necessarily in- 
definitely. 

d. No part of the arrester shall be injured, 
either mechanically, electrically, or thermally. 
Drecectzic Tests 

28-220 Standard Test Voltages—The standard test 
voltage for lightming arresters, except as otherwise 
specified, shall be an alternating voltage having an 
r. m.s. value as follows: 

a. Lightning arresters rated at 600 volts or 
less—twice rated voltage plus 1000 volts. 

b. Lightning arresters rated above 600 volts, 
214 times rated voltage plus 2000 volts. 
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22-221 Duration of Application of Test Voltage— 

a. For insulation consisting of porcelain, glass, 

or other similar vitrious materials the test voltage 
shall be applied continuously for one minute. 

b. Forinsulation consisting of wood, paper, fibre, 
and other similar organic materials, whether or 
not impregnated, the test voltage shall be applied 
continuously for 10 min. 

¢. Standard arresters produced in large quanti- 
ties for which the standard test voltage is 2500 
volts or less, may be tested for one second with 2 
test voltage 20 per cent higher than the one- 
minute test voltage. 

22-222 Conditions under which Didedric Teste 
shall be made,— 

a. For arresters intended for indoor service and 
for all arresters rated at 600 volts or less, dielectric 
tests shall be applied with the arrester dry and 
dean, and at ordinary room temperature, 

b. For arresters intended for outdoor service 
didlectric tests shall he made under precipitation 
of two-tenths in. (5.08 mm.) per min. at an angle 
of 45 deg. from the perpendicular with water 
having a resistivity as low as 7000 ohm om. 

c. When necessary for the protection of the 
characteristic dement during test or in order to 
attain the test voltages herein named, a portion 
or al) of the characteristic dement may be removed 
during the dielectric tests. In case the character- 
istic element cannot be removed without also 
removing ite insulating container, dummy con- 
tainer sections of similar characteristics, containing 
no characteristic dement, may be substituted 
to the extent necessary to carry out the didlectric 
test. 

23-223 Where Didectric Teste ore to be Mode— 
Unless otherwise agreed upon dielectric tests shall be 
made at the factory. 

23-224 Points of Application of Voltage—Test 
voltage of suitable value shall be applied between the 
following points. 

4a. With series-gaps short circuited (and char- 
acteristic dement removed if necessary —see 28-222 
(c)) the test voltage shall be applied between 
each line terminal and ground, and between each 
pair of line terminals. 

b. With seriesgap removed or sufficiently 
enlarged to prevent breakdown, voltage shall be 
applied across the terminals of the insulator or 
insulating material normally in parallel therewith. 
For the purpose of fixing the test voltage for this 
test the rated voltage of the insulation in parallel 
with the series-gap shall be considered to be 
two-thirds of the generated frequency breakdown 
voltage of the gap at its normal setting. 

¢. Insulators so located as to he subjected at 
any time to only 4 proportionate part of the 
voltage between line terminal and ground shall be 
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assumed to be rated proportionately and shall be 
subjected to proportionate dielectric test voltage. 
28-225 Frequency ond Wave-Shape of Test Voltage — 
The frequency of the test voltage shall be not less than 
25 cydes per sec. A sine wave shape is recommended. 


The test shall be made with alternating voltage having _— 


a crest value equal to the square root of two times the 
specified test voltage. 

23-226 Messurement of Voltage—The voltage for 
dielectric test shall be measured in accordance with the 
section of the Standards entitled “Standards for the 
Measurement of Test Voltages in Dielectric Tests.” 

CONSTRUCTION DATA 

23-250 Nome Plote Markings.—The following mini- 
mum information shall be given on the name-plates of 
all station and line type arresters for power service. 

a. Manufacturer's name and address. 

b. Manufacturer’s type and designation 
number. 

c. Voltage ratings (system and maximum). 

d. Proper setting of series-gap if adjustable. 

28-251 Published Dota.—The following data in 
addition to information on the name-plate shall be 
given in manufacturer’s publications: 


a. Weight. 
b. Amount of oil and/or other liquid required 
Gf any). 


c. Such dimensions as required for installation. 
CURRENT LIMITING REACTORS 
Report of Subcommittee 

Two interesting developments in current limiting 
reactor practise involve the use of reactors which are 
oil-immersed in steel tanks. One development involves 
the use of a three-phase reactor, oil-insulated, self- 
cooled, while the other involves a single-phase unit, 
oil-insulated, and water-cooled. The advantages 
daimed for these designs are that foreign material 
cannot be drawn into the windings and that the equip- 
ment can be used with the highest factor of safety 
either for indoor or outdoor service. 

The single-phase equipments are designed for instal- 
lation as 22-ky. bus section reactors, introducing a 
reactive drop of 9.2 per cent when passing 90,000 kv-a. 
No live parts are exposed, as the coil is mounted in a 
stee) tank, and lead covered cable is to be “wiped” to 
glands bolted to a junction box, which in turn is bolted 
to the tank. This method of attachment makes possi- 
ble the removal of the reactor from the circuit without 
disturbing the “wiped” joints. Each cable terminal is 
© insulated that cable sheath currents cannot flow 
through the tank to ground. 

The tank is provided with a conservator, pressure 
relief pipe, oil gage, thermometer, and standard gage 
trucks. 

The magnetic flux of the reactor which would nor- 
mally link the steel tank, causing large losses, is neu- 
tralized by utilizing the copper cooling coils as a short 
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circuited winding, (the intake and discharge ends of 
the cooling coils being joined) thus acting as a flux 
shield. The potential developed in this shield causes a 
eurrent to flow, which in turn develops an equal but 
opposite flux. Therefore, no flux enters the tank, and 
no losses are developed. The material of the cooling 
coils is a high-conductivity copper tubing of adequate 
cross-sectional area to permit such currents to flow as 
will develop the required flux. To neutralize the flux 
of the reactor coil the current in the shield is limited to a 
definite value by the inherent reactance of the cooling 
coils. The losses in the shield are limited by properly 
proportioning the cross-section of the shield. 
RELAYS 
Report of Subcommittee 

Three papers have been presented to the Institute 
during the current year under the auspices of this 
subcommittee as follows: 

Developments in the Impedance Relay and its 
Application, by H. A. McLaughlin and E. O. 
Erickson. 

Application of Relays for the Protection of Power 
System Interconnections, by L. N. Crichton and 
H. C. Graves. 

A Carrier Current Pilot System of Transmission 
Line Protection, by A. S. Fitzgerald. 

The second paper listed was presented both at the 
Chicago and New Haven Regional Meetings. 

The work of this year’s subcommittee has consisted 
chiefly of reviewing the work of previous years and 
attempting to crystalize work which has been started. 
In this connection attention is called to the matter of 
standardizing relay acceptance test specifications. 
A group of last year’s subcommittee submitted tentative 
test specifications in the annual report and expressed the 
hope that interested engineers would forward their 
comments to this subcommittee so that a tentative 
“Standard” could be submitted at this time. 

Very few comments have been received and therefore 
itis thought advisable to submit the recommendation 
again with modifications herein: 

The following acceptance tests are offered for 
consideration: 

1. The complete name-plate data of the relay 
should be taken, including the name-plate data of 
its resistor, if it has one. 

2. The relay mechanism should be carefully 
inspected to see that all parts function properly, 
and to insure that there are no loose screws or 
other parts. 

8. The internal wiring of the relay should be 
checked to determine that it agrees with the speci- 
fications, and that the physical arrangement is 
satisfactory. 

4. Dielectric strength tests should be made 
between each operating coil circuit and the other 
circuits grounded to the case, and between the trip 
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circuit and the relay case. Tests should be made 
at 1500 volts, 60 cycles and should last for one 
minute. 

5. The gap lengths between the various con- 
tacts should be measured to make sure that they 
agree with specified values. 


A suggested specification is given below: 


Minimum allowable gap 


; Auxiliary relay 
Main contacts 


Relay type contacts Lever setting 
IA 1/16 in. eae 1 div, 
co 1/16 in. 1/8 in, 1 div. 
CR 1/16 in. 1/8 in. 1 div. 
IK 1/16 in. 1/8 in. vee 

Bellows 1/4 in. ae 


6. The relay should be operated on all of its 
taps to make sure that it operates properly and in 
aecordance with specifications. 


Some typical specifications are given below: 


a. Overcurrent relays should operate within 
five per cent of the marked tap values. 

b. The directional element of directional 
relays should not move with either current or 
potential only applied. 

ce. The directional element of type J K power 
directional relays should operate at 3 volts 
(across the potential coil, excluding any re- 
sistors), 8 amperes (single phase, unity power 
factor), in 0.40 sec. or less. 

d. . The directional element of type CR power 
directional relays should operate at 3 volts 
(across the potential coil excluding any re- 
sistors), 8 amperes (single phase, unity power 
factor) in 0.25 sec. or less. 

e. The directional element of type CR 
ground directional relays should operate at 110 
volts, 0.5 ampere (single phase, unity power 
factor), in 0.25 sec. or less. 

_ f. Directional relays should not rebound 
when the rated voltage is maintained on the 
relay while 50 amperes are interrupted. 

g. Directional relay contacts should stay 
closed after making initial contact when closing 
under 50 amperes at rated voltage. 

7. The relay calibration curve should be ob- 
tained on one tap only. The calibration curve 
should be carried up to at least five times the 
pick-up value of the relay. During this test it 
should also be determined if the relay chatters at 
the higher current values used. Chattering tests on 
bellows type relays should be made at 25 cycles, 
while on induction relays, rated frequency should 
be used. 

8. After Test 7 is completed, the relay contacts 
should be examined to make sure that there is no 
pitting. .It is sometimes found that contacts 
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have a tendency to freeze after several operations. 
In order to make sure that this does not happen, 
the tripping contacts should be made to make 
and break currents of values of the order they will 
make and break in service. 

9. Tests should be made to determine that the 
operation indicator functions with currents of the 
magnitude available in service. 

10. On directional relays the polarity should be 
checked. On a single-phase, unity power factor 
test, instantaneous polarity in the same direction 
on the current and potential coils should cause an 
IK relay to close its contacts, whereas, under the 
same conditions a CR relay should hold its contacts 
open. 

11. Zero torque tests should be made to deter- 
mine the absence of disk rotation with either 
potential only, or current only applied to the relay. 
When current alone is used, a value ten times the 
minimum tap setting should be used. ‘The zero 
current test should be made with rated voltage 
on the potential coil. 

12. The volt-ampere consumption and power 
factor, or the resistance and reactance of the vari- 
ous coils of the relay should be determined. This 
will determine the burden the relay will impose 
on its instrument transformers. Burden should be 
calculated on a 5-ampere basis. for current coils, 
and on a 110-volt basis for potential coils. Mea- 
surements should be made at rated frequency. 

18. Vibration tests should be made to deter- 
mine that the relay will not close its tripping 
contacts when it is subjected to external shock or 
vibration. During this test the behavior of the 
operation indicator should also be noted. . 

14. Heat tests should be made on the relay 
coils to make sure that they will not exceed the 
limits specified by the A. I. E. E. Standards. The 
heat tests on the current coils should be made at 
rated current. The heat tests on the potential 
coils of power directional relay should be made 
at rated potential. The heat tests on the potential 
coils of ground directional relay should be made at 
190 volts, and should last only for five minutes. 
The reason for this short time test is that under 
normal operating conditions the potential coils 
of such relays have no potential impressed upon 
them, but under conditions of ground, as much as 
190 volts may be obtained in circuits whose 
normal voltage is 110. 

15. The effect of ambient temperature upon 
the relay characteristics should be determined 
over the range of temperatures likely to be met 
with throughout the various seasons. 

16. The effect of the surrounding atmosphere 
(excessive dampness, and fumes, etc.) upon the 
relay characteristics should be determined. 


Another item discussed by this subcommittee during 


Transactions A. I. EB. E. 


the last two years was the matter of name-plate data. 
In general it is agreed that the following information 
should be available. 
a. Descriptive name of relay. 
b. Nominal operating current, voltage, or both. 
ce. Frequency. 
d. Manufacturer’s type or style designation. 
e. Manufacturer’s name or trade mark. 

In addition to the above the polarity of directional 
relays should have studs marked in the same manner as 
are terminals of instrument transformers. It is 
further recommended that the following information 
be available on the card which is usually attached to 
the relay when furnished. 

f. Calibration curve or time setting chart. 

g. Volt-ampere consumption and power factor 
(or resistance and reactance of the various coils). 

h. Interrupting capacity of tripping contacts. 

i. Resistance values of all resistances furnished 
with the relay. These values should also be 
stamped on the name-plate of the resistor. 

As questionnaires are unsatisfactory and undesirable, 
a request is here made for comments on the foregoing. 

During the past year many new relay developments 
have appeared. 4 

The carrier-current pilot protective system has been 
called to the attention of the engineering fraternity by 
Mr. Fitzgerald who assures us that this system offers 
practically all of the advantages of the well tried 
pilot-wire system without its most undesirable features. 

Induction type relays have been developed for use as 
power-factor relays, temperature relays, for control of 
reactive kv-a. meters, and for control of street lamp 
circuits by carrier current. Also a new induction type 
relay has been developed to perform on the impedance 
principle for transmission line protection. This relay 
has its restraining coil designed on the induction disk 
rather than the plunger principle. 

A speed control relay is now used to facilitate the 
synchronizing of turbine driven generators. It has 
double-throw contacts operated by Warren synchronous 
motors through a differential gear in such a way that if 
one motor is faster than the other, one contact is 
closed, and, if slower, the other contact is closed. 
One motor is connected to the bus and the other to the 
machine being brought up to speed. The contacts 
control the governor and increase or decrease the 
machine speed until it corresponds practically to the 
bus frequency, at which point the machine may be 
synchronized by another relay or by the operator. 

A new polyphase network relay has been developed 
and along with other things provides a most ingenious 
method of quickly replacing or testing the relay unit. 

Attention has been called to the need of development 
of relays along certain lines and we set forth below the 
specific needs which have been mentioned: 

1. A multi-contact relay of the plunger type of 
a size between the present overcurrent plunger 
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relay and the relay used as an oil breaker closing 
relay. This device should be either “latching” 
or “electric release.””’ The contact head should be 
designed for a complete interchangeability of 
front and back contacts. 

2. A d-c. voltage relay whose pick-up and 
drop-out values can be accurately adjusted, which 
will not be affected by a reasonable amount of 
vibration and whose calibration will not vary by 
“soaking”’ or by reversal of potential. 

3. Further development of timing relays is 
suggested as they seem to be the most doubtful. 
The fan type is somewhat weak mechanically 
and is limited in length of time. The bellows 
type is difficult to adjust and will not stay in 
adjustment as it is easily affected by dirt, tem- 
perature, etc. There is considerable distance 
between the type enumerated above and the 
expensive motor operated devices. A need is felt 
for something in between. 

4. For automatic transformer stations relays 
are needed which will measure the total station 
load. This often results in a requirement for a 
relay having adjustable back contacts for 50 per 
cent to 90 per cent of the operating value and 
having current coils capable of carrying continu- 
ously three or four times the operating value. 
Also these relays should have independent make 
and break contacts. : 

5. A reverse current relay is needed having 
greater sensitivity. For example, it is quite 
difficult to find a relay which will carry continu- 
ously the load current of a generator and yet 
will operate on the small reversal due to the ma- 
chine motoring. 

6. An impedance relay should be developed 
for ground protection where the ground current 
is less than the line load current. Three years 
ago Mr. W. W. Edson suggested using a CZ 
relay with the voltage restraining element reversed 
so that it could be operated by the residual voltage 
of a star-delta potential transformer bank. 

Late in the year this subcommittee was charged with 
the duty developing Standards for Relays and the 
preliminary draft of September 1923 was resurrected to 
be worked over. This work has been started but the 
best that can be hoped for is to have a suitable founda- 
tion laid down for the successors of this subcommittee 
next year. 


Along with this to the successors of this subcommittee 
is recommended: 


1. A study of the operating experience due to 
the use of low-tension potential transformers for 
relaying high-tension lines where the voltage vec- 
tors are not an exact reproduction of what is taking 
place in the lines protected. The various com- 
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pensator arrangements are too complex to be 100 
per cent reliable. 

2. Further study in the matter of relaying a 
transmission system having two parallel lines which 
may work in parallel or independently. Various 
cross-connected schemes will meet the parallel 
condition but they fail on the second. Pilot wires 
would be suitable but they are expensive. Impe- 
dance relays are not suitable for short sections of 
lines and they require special consideration when 
the expected ground currents are less than the load 
currents. 


3. A study of the operating experience in the 
use of polyphase versus single-phase directional 
relays. i 

It is recommended that technical papers be obtained 
for presentation to the Institute of the three subjects 
named above. 

F. L. Hunt, Chairman. 


Discussion 


K.B. McEachron: In setting up standards for determining 
the protective characteristic of lightning arresters two points of 
view must be considered. First, what kind of duty is imposed by 
the surges which can come along connected circuits, and second, 
what can be produced and measured in the laboratory. 

It seems probable based on field studies that voltages of the 
order of 2,000,000 volts may be reached in times of the order 
of 1 to 10 microseconds. The minimum time may be somewhat 
less and the maximum somewhat more than that given as no 
accurate measurements are yet available. 

For a 220-kv. arrester this means, assuming 1 microsecond 
as the time to rise, a rate of voltage rise of 2,000,000 /20 or 100 kv. 
per microsecond for each 11 kv. of rating. This it will be noted 
is the rate given in Section 28-202. Assuming, however, that 
the same potential gradient exists over an 11-ky. line half as 
high above the ground as the 220-kv. line, then the rate of poten- 
tial rise will be 1000 kv. per microsecond or ten times the rate of 
voltage rise on the 11l-ky. arrester as for the 220-ky. arrester 
when the transmission conductor is in the same electrostatic 
field. 

It is feasible in the laboratory at the present time to produce 
impulses rising at the rate of 100 kv. per microsecond, but it is not 
feasible to produce impulses rising at the rate of 1000 kv. per 


. Inicrosecond, and yet have the wave front reasonably free from 


large oscillations. 

If tests were made involving only potential rise, a wave rising 
at the rate of 1000 kv. per microsecond or 100 kv. in 0.1 miero- 
second might be obtained reasonably free from oscillations, but 
arrester testing requires the production of large currents in very 
short spaces of time which is not a condition conducive to steep 
rates of potential rise without excessive oscillations. 

The traveling-wave theory states that the current in the travel- 
ing waves reaches its crest value at the same time that the voltage 
reaches its crest value. Going back again to the 220-kv. trans- 
mission line,—if the surge impedance be taken as 500 ohms and 
the arrester resistance also be considered as constant and equal to 
500 ohms, then the current traveling in the conductor and 
through the arrester rises to a crest value of 2,000,000/500 or 
4000 amperes in 1 microsecond. This assumes that the traveling 
wave has a crest potential of 2000 kv. and that the arrester is at 
the end of the line with no branch eireuits. 

In the present state of the art it is not possible to obtain a 
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rate of current rise even approaching a figure of 4000 amperes 
per microsecond and still maintain reasonable freedom from os- 
dillations and be able to record the phenomena on the oscillo- 
graph. To obtain such rates of current rise means little or no 
resistance in the cireuit and very small inductance. Such a 
decrease in resistance means serious oscillation. 

It seems desirable, therefore, to arrange the surge so that a 
current which is measurable and which ean be obtained without 
excessive oscillations be chosen, and 100 amperes per micro- 
second seems about as high a rate as present methods and tech- 
nique will allow. The crest value of 1000 amperes may in my 
opinion he subject to some variation, as for instance plus or 
minus 10 per cent, but the eurrent should not decay too fast and 
the specification that the eurrent shall decay to 500 amperes in a 
time not less than 10 microseconds is not unreasonable. 

To specify 2 voltage wave when testing arresters is not suf- 
ficient beeause this only determines the breakdown voltage of the 
arrester. The second phase of arrester operation depends on the 
rate of current rise, the maximum current, and the duration of 
the current. 

Since this is true it seems that the proper comparative test is 
to apply the same rate of potential rise, the same rate of current 
rise, and the same maximum current to all arresters, allowing the 
potential during this current flow to vary depending on the 
arrester itself and not on the impulse circuit to which it happens 
to be connected. 

If impulse tests are to be made on insulation it is only necessary 
to consider rates of potential rise and a wave specified on the 
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basis of maximum potential and time required to reach this 
potential would be sufficient as long as the breakdown occurs on 
the front of the wave. For such a test it would probably be 
desirable to specify also an exponential voltage rise. 

For arrester testing such a specification is not sufficient. The 
maximum value of open circuit potential of the applied wave is 
not important. With the arrester the rate of voltage applica- 
tion up to the time when current begins to flow through the 
arrester is important, but what the voltage would have been if 
the arrester had not broken down has little or nothing to do with 
the characteristic of the arrester after it did become conducting. 
The remainder of the arrester performance after becoming con- 
ducting is dependent on the current-time relations. Thus 
sphere-gap measurements are not enough for the proper deter- 
mination of the arrester characteristics, and I believe that it is a 
distinct step forward to specify the use of the cathode-ray 


oscillograph for the accurate determination of the arrester 


characteristics with respect to voltage, current, and time. 

The manufacturer of lightning arresters does not make a 
practise of conducting complete tests such as outlined in the 
proposed standards on all arresters. Such complete tests are 
made on all new designs but it is felt that to take cathode-ray 
oscillograms, for instance, on all arresters would make an un- 
necessary addition to the cost of the arresters. 

The proposed standards do give the user of lightning arresters 
a set of standards which when applied to arresters will allow him 
to make comparisons on a common basis which he has not been 
able to do in the past. 
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INTRODUCTION 


HE Committee on Automatic Stations was appointed 

by the Board of Directors, April 8, 1927. This, its 

first annual report, will give a general description of 

_ automatic station development during the past decade, 

and will enlarge upon some of the more important new 

features brought forward during the past year. Re- 

search, operation, standards, bibliography, and sugges- 
tions for future study will each receive attention. 


SCOPE 


Broadly, the scope of work is comprised under 
automatic generating stations; automatic substations; 
and automatic station auxiliaries and the committee 
has complete jurisdiction over the apparatus that is 
associated with such installations and in the building 
or enclosing housings. Successful installations demand 
proper ventilation, temperature and moisture surveys, 
and with these, in addition to the various auxiliary 
apparatus associated with the control, the committee 
is concerned. 


RESEARCH 


Research has been carried forward by operating and 
manufacturing companies with assistance rendered by 
several universities. The principal studies have been 
concerned with the operating requirements of devices 
for various classes of service. The number of cycles of 
operation per year for some of the more important 
devices has been determined. 

Overcurrent relays, differential relays and other 
similar protective relays operate through about 300 or 
less cycles per year. Overcurrent circuit breakers in 
railway service may operate through as many as 1000 
cycles per year. Load-limiting resistors may be intro- 
duced into circuits by the operation of their short- 
circuiting devices from 500 times per year in Edison 
Service to 100,000 or more times per year in interurban 
railway service. Regulating relays may be called upon 
to operate between 1,000,000 and 30,000,000 cycles per 
year. Other devices may be called upon to operate 
between the limits as given for overcurrent relays as an 
average minimum and regulating relays as an average 
maximum. Each application, particularly to auto- 
matic station service, requires a full knowledge of 
operating requirements in order to derive a maximum 
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benefit from the particular device in its particular 
service. 

Another field of research has been in the determina- 
tion of the minimum protection required for various 
classes of power apparatus in automatic stations. 
The results of these studies are given in the Standards 
for Automatic Stations recently approved by the Board 
of Directors. Still another field for research has been 
in the study of operating conditions and requirements 
so that the automatic stations might be designed along 
simpler lines to give greater reliability and continuity 
of service. Valuable assistance has been rendered to 
the manufacturers by the engineers of operating com- 
panies. Several papers were prepared and presented 
by these engineers describing their experiences with 
automatic stations. This has stimulated the manu- 
facturers toward the development of less complicated 
devices which give more reliable operation and permit 
better service to be rendered by public utilities. 


DEVELOPMENT 


Development has been directed toward simplifying 
operating sequence, reducing the number of devices 
required for various classes of equipment, and making 
the operation more positive and reliable. Controls 
have been developed recently for power rectifiers. A 
brief description of the outstanding features of these 
designs is given later. 

Supervisory systems for the control of remote power 
apparatus have reached a high state of development. 
Several papers indicating the trend of this development 
have been presented to the Institute. Many refine- 
ments have been incorporated and these systems are 
now considered to have an important field of 
application. 

Telemetering is new. Only about a dozen systems 
including it are in service. Operating experience is 
needed. The state of development has not yet been 
passed. Several systems now being offered are simpler 
and more reliable than the older ones. They indicate 
that this important adjunct for automatic stations 
may soon be incorporated in standard designs. 


POWER RECTIFIERS 


Power rectifiers are the latest type of power con- 
version apparatus to be used in automatic stations. 
These differ from the usual rotating power apparatus 
in that they have no inherent mechanical moving parts. 
They differ from the usual static power apparatus in 
that they require auxiliary features which have mechan- 
ical moving parts. 

The power rectifier employing mercury is a static 
converter with a moving are stream. The load re- 
sponsive starting and stopping features of the control 
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resemble those used for rotating synchronous con- 
verters. The methods used for sfaritimg and for 
stopping, and the protective measures resemble those 
Several features, however. are peculiar to the power 
rectifier. They are: (1) the rectifier must be ignited 
and (2) a relatively high vacuum must be maintaimed. 

Ignition of the rectifier is accomplished by 2 moving 
autiary electrode. Some schemes use 
current for the are Starting. Some use direct current. 
When alternating current is used for ignition, two ad- 
ditional auxiliary starting electrodes are required. The 
ignition equipment is fully automatie. It starts the 
are as Som as ae. power is available. It extinguishes 
the starting are as soon as the power are is formed and 
intained. It will re-ignite the rectifier automatically 
if for any reason the power are is extinguished. 

The required vacuum is usually maintained by two 
pumps. Ome is a rotary motor driven of sealed 
mechanical pump; the other 2 mereury condensation 
pump. These start and siop im response to vacuum 
conditions as indicated by 2 vacuum relay. 

Water cooling systems are usually favored for pre 
venting the rectifier temperature rising above 2 specified 
maximum. It is controlled by convenfional thermal 
relays commected im the operating sequence of the 
automatic switching equipment. 

The minimum protection recommended for power 
rectifiers is less than that recommended for synchronous 
mmetor generators and synchronous converters, but is 
greater than that recommended for static transformers, 
condensers. 

Protection agaimst ac. undervoliage. single-phase 
Starting. and single-phase operation is sometimes re- 
quired for power rectifier auziliaries under certain con- 
Gitiems. Protection agaimst severe 2c. over-current is 
generally requred. It may he sel-resetiing im the case 
of power rectifiers, while if is usually of the lock-out 
type for rotating machines. This is due to the differ- 
ence im the inherent characteristics of the two machines. 
Protection against dc. reverse current and ex 
cess temperature due to sustained overload is pro- 
vided for the power rectifiers just as for rotating power 
apparatus. Power rectifiers, unlike most other types 
of power apparatus, are usually provided with pro 
tection against poor vacuum, failure of vacuum pump, 
and failure of cooling fhad supply. 

The starting and stopping of power rectifiers im 
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In general the automatic control for power rectifiers 
i= amuilar to that for rotating machines, excepting 
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where it has been necessary to develop some special 


It is being used not only for the supervision of automatic 
stations, but for the supervision of important power 
distribution networks and the operation of large sub- 
stations and generating stations: The trend is 
definitely toward 2 simple system normally at rest. 
Any operation ether to actuate a device or to report 
an actuation starts a sequence. This usually continues 
until the operation and report are eompleted. Then 
the system remains at, or returns to, 2 position of rest. 
Three or four line wires continue as standard for 
supervisory systems with visual indication of operation 
and the usual operating aurrents and frequency. 
Carrier-current systems use either one or two wires, or, 


By AO 
Reliability of supervisory systems and equipment is 


into 2ecount in its application, since it has shown a 
definite limit for such systems under present day operat- 
ing conditions. 

TELEMETEZING 


Telemetering is just coming to be recognized as a 
distinct necessity in the operation of automatic 


application. Some give promise of mecting the require- 
ments of high accuracy, low cost, reliable operation, and 

The tdanctering systems now in operation are used 
for 2 very wide variety of purposes. Some give readings 
of exreuit current and voltages. Some give readings 
of station load. Still others are used for transmitting 
to 2 central office, the readings of total station loads, and 
also for again ing all the stations on a system and 
returning this total to each of the contributing stations. 
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Still other systems are used for giving a central dis- 
patcher knowledge of the distribution of demand over a 
given system. Others serve to adjust the supply of 
power from two sources in proportion to the load 
demand required from these two sources. 

In another year, operating experience should be 
available which will permit a better picture of the trend 
of this very interesting development to be given more 
' definitely. 

CARRIER CURRENT 


Carrier currents in frequencies from 500 cycles to 
over 50,000 cycles are being used for the operation of 
supervisory and telemetering systems. Some of these 
are used in combination with automatic stations. Some 
are used for the operation of power apparatus in remote 
stations. Several papers have been presented to the 
Institute on this subject and the discussion of these 
papers gives the trend of thought. A great deal of 
research and development work is being done on this 
subject and future reports will no doubt be able to give 
more comprehensive data concerning it. 


OPERATING EXPERIENCE 


Operating experience, particularly that with auto- 
matic stations, has formed the subject of several papers 
presented before the Institute. The art would advance 
very much more rapidly and more surely if more 
operating engineers would take it upon themselves to 
present to the membership, through papers read at 
regional meetings, their individual experiences with 
automatic stations. The manufacturers and designers 
recognize that each power system has its individual 
characteristics. These require the fitting of automatic 
stations, individually to each power system. Not- 
withstanding these facts, all systems have a certain 
similarity. They also have certain operating require- 
ments. The art is handicapped because the designers 
do not obtain freely from the operators the system 
requirements and performance under given conditions. 
A number of the operating engineers have contributed 
richly toward the development of the art by telling of 
their experiences. It is believed that a broadening of 
this idea will do much to stabilize the industry. 

MAINTENANCE AND INSPECTION 

Maintenance and inspection of automatic stations 
are prime requisites for their successful operation. 
To obtain a maximum benefit from these stations it is 
necessary that they be given adequate, systematic, and 
intelligent inspection. The word “intelligent” really 
covers the field, for, in a broad sense, it includes the 
words “adequate” and ‘“‘systematic.” 

Much of the development work carried on by the 
manufacturers has been with the idea of reducing the 
necessity for maintenance and inspection to a minimum. 
The devices and schemes of operation which have been 
produced from this development render the automatic 
station a unit in any system, which not only contributes 
to the economic operation of that system, but which also 
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does much to promote continuity of the service supplied 
by that system. 

Practical analysis verifies the statement that 
“Nothing is perfect.”” Any commercial device is a 
compromise between perfection and cost. The quality 
of service to be expected is thus necessarily a measure 
of the maintenance required to affect those things 
by which a device or an equipment as a whole fall short 
of perfection. If the outage of a unit is not a serious 
matter, time may be allowed for clearing a failure in the 
switching sequence. This would normally render the 
unit inoperative under certain conditions; hence 
there might be a tendency to neglect the matter of 
routine inspection or maintenance. 

In protective devices, however, the failure which 
might result in costly damage as well as extended outage 
is a far more serious matter. For this reason, the 
automatic station is safeguarded by protective devices 
not ordinarily found in attended stations. In pro- 
tecting against equipment failure, one protective 
device is often reenforced by another, so that only by 
simultaneous failure of separate and independent 
protective devices can serious damage be done to the 
equipment. These protective devices are the product 
of many years of research, development, and experience. 
It is necessary, however, that they be used intelligently. 
They must be suitably adjusted and adequately main- 
tained if it be expected that they render the service for 
which they were intended. 

The importance of continuity of service renders the 
proper functioning of switching sequence of equal 
importance with that of protective equipment. A 
knowledge of the proper functioning of each device and 
its relation to other devices is the first qualification for 
one responsible for the inspection or maintenance of an 
automatic station. Such an individual need not be a 
technically trained man; in fact, often heis not. He 
should, however, have a thorough grasp of the funda- 
mentals, and have experience not only in the operation 
of the equipment itself, but in the relation of the station 
to the rest of the system. ‘The latter is essential if he 
is to be able to analyze properly the limitations of the 
equipment and make adjustment of it accordingly. 

With each equipment the manufacturers usually 
supply instruction books and diagrams giving a com- 
prehensive analysis of the scheme of operation, as well 
as detailed information of each device. If he is to 
give the station the best attention an inspector, or 
maintainer, should be thoroughly familiar with the 
contents of the instruction book and wiring diagram. 

Sometimes the maintainer overdoes his job in such 
matters as cleaning and filing of contacts. Relays are 
usually under covers. Inspection of the parts is facili- 
tated by the use of glass, making the removal of the 
covers necessary only at infrequent intervals. The 
removal of oxide from contacts is accomplished by the 
use of crocus cloth, or cleaning with carbon tetrachloride. 
Contacts in the power circuits and the heavier duty 
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control cireuits, when properly adjusted, will require 
little or no dressing of the contacts. They should be 
kept clean and bright. Filing is usually not required, 
as the contacts wear naturally to better surfaces than 
may be effected by filing. Unless carefully done, 
filing tends to make matters worse, and even shortens 
the life of the contact. 

Judicious lubrication of moving parts, cleanliness, 
and the keeping of wiring connections and interlock 
adjustments tight are the principal factors having to do 
with the proper maintenance and inspection. 

The frequency of inspection of any particular station 
is best determined by those in responsible charge of the 
systems. The experience of others in the operation of 
similar equipment in like service may be used as a guide, 
but seldom serves as a standard to be followed, since 
operating conditions are never identical. A brief ex- 
perience with an inspection schedule will determine 
where it should be modified so as to give best results. 
An inspection report made in preliminary fashion 
with mimeograph copies might well be used during the 
the first few months until a definite plan is decided upon. 
Samples of inspection report forms used by a number of 
operating companies are now available and may be had 
upon request from them. 

A summation of the situation is given by a member of 
the committee who has had a number of years of ex- 
perience in the operation of automatic stations. He 
states that several years of experience with daily in- 
spection, not having a definite routine, did not produce 
the required results. Railroad equipment is operated 
on a car or locomotive mileage basis as determined by 
the conditions. It is then taken into the shop, 
thoroughly overhauled and sent out on the road subject 
to a trip of casual Inspection somewhere on the road, 
until it has operated a certain mileage. Then it is 
returned again to the shop for general inspection. It is 
logically assumed that after such an inspection, it 
should cover a predetermined number of miles without 
attention. The same assumption can be accepted for 
the inspection of automatic station equipment. There 
should be a periodic thorough inspection; weekly on 
some parts of the equipment and monthly, semi- 
annually, or annually on other parts. Rotating equip- 
ment may have to be cleaned at intervals of two or 
three days—or even longer,—depending upon the 
number of hours run and conditions of ventilation of 
the station. The station may have to be visited daily 
for other reasons than inspection of apparatus where 
no supervisory equipment is used. With supervisory 
control, no other attention should be needed than 
eleaning and periodical inspection. 

STANDARDS 

A final report on Standards for Automatic Station 
No. 26 was presented to the Standards Committee 
at its January 20, 1928 meeting. Following a letter 
ballot, this report was submitted by the Standards 
Committee to the Board of Directors with the recom- 
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mendation that it be approved as an A, I. E. E. Stand- 
ard. The Board of Directors approved the Standards 
for Automatic Stations, April 6, 1928. 

The Committee on Automatic Stations intends to 
present revisions of these standards to the Standards 
Committee from time to time as the necessity for them 
may arise. 

FUNCTIONAL NUMBERS 

Functional numbers have been used for automatic 
station devices and functions for about 15 years. A 
gradual standardization has resulted. The latest 
list is given in the Standards for Automatic Stations 
recently adopted by the Board of Directors. 

The functional numbers initially followed the se- 
quence of operation of the devices. Later, as automatic 
stations developed, this sequential numbering could not 
be followed. It resulted in an arbitrary numbering 
system which has become generally known in the art. 

The present numbering system uses .a base of not 
more than two digits. The numbers from 1 to 99 
inclusive cover the entire range of basic functions. 
Numbers in the 100, 200 and other series are used for 
designating these functions when used with feeders, 
supervisory systems and the like. The system of 
numbering thefunctions, however, still remains arbitrary. 

It has been thought that a system of numbering more 
logical and less arbitrary might be developed. A 
subcommittee has had this matter under consideration 
since December 1, 1927. They have rendered several 
reports. Progress has been made, but a solution has 
not yet been supplied. It is recommended that 
a subcommittee be appointed to continue the study of 
this important topic during the ensuing term. 


PAPERS 


Papers presented under the auspices of, or in coopera- 
tion with, the Committee on Automatic Stations during 
the current year have been as follows: 


Subject Author Place & Date 
Operation and Performance 
of Mercury Are Rectifiers. Caesar Antoniono Chicago—Noyv. 1927 
Automatic Control of Edison 
sxystenasg cee one See QO. J. Rotty & 
E, L. Hough New York—Feb. 1928 


coming Lines and Trans- 


PORES is 3k <a eas A. E. Anderson St. Louis—March 1928 
Mereury Are Rectifier Sub- 
stations. ...... SR es G. E. Wood New Haven—May 1928 


UNFINISHED BUSINESS 


Topics which have been under consideration by the 
committee and concerning which no report has been 
rendered are as follows: (1) Ventilation; (2) Fire 
protection; (3) Economical construction; (4) Unusual 
operation conditions; (5) Load dispatching; and (6) Wire 
designations. 

In addition to these items of unfinished business, 
there are other items upon which reports have been 
rendered but which do not fully close the subject. 
These are as follows: 
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(1) Papers, (2) Standards, (3) Research, (4) Opera- 
tion reports, (5) Remote metering, (6) Supervisory 
control, (7) Progress in the art, (8) Inspection, (9) 
Functional numbers, and (10) Bibliography. 

It is recommended that these subjects be given con- 
sideration by the succeeding committee. 


BIBLIOGRAPHY 


Many requests have been received from time to 
time for a bibliography on automatic station literature. 
Such a bibliography has been prepared and forms an 
appendix to thisreport. It is recommended that future 
committees add to this bibliography so that there may 
be found available in the TRANSACTIONS of the Institute 
a comprehensive bibliography on the subject. 


Bibliography of Automatic Station 
Literature 
1928 


ANTONIONO, C. Rectifier Superior to Converters on North 
Shore Line. Elec. Rwy. Jour., v. 71, p. 11-14, Jan. 7, 
1928. Includes its record as an automatic substation since 
May, 1927. See also editorial, p. 2-3. 

Asster, L. Remote Control of the Electric Substation of a 
Street Railway. (In German.) Verkehrsiechnik, v. 45, 
p. 21-24. Jan. 13, 1928. Saalbau station equipped with 
500-kw. mereury-vapor rectifier. 

Liston, J. Some Developments in the Electrical Industry 
during 1927. G. E. Rev., v.31, p. 4. Jan., 1928. Auto- 
matic substations, p. 39-44. 

Poynper, H. B. Heavy Traction Substations. Elec. Rev., 
Lond., v. 102, p. 255-57. Feb. 10, 1928. ‘Some practical 
considerations of the problems encountered in the design of 
automatic rotary-converter equipment which still await 
satisfactory solution.’’ Paper read before the Institution 
of Electrical Engineers. 

Swirt, H. L. Cincinnati Adopts Supervisory Control for 
Power System. Elec. Rwy. Jour., v. 71, p. 117. Jan. 21, 
1928. 

Anonymotus. A. I. E. E. Winter Convention in New York; 
control, protective equipment, and substations. Elec. 
Wid., v. 91, p. 393-95. Feb. 25, 1928. 


1927 


Anperson, A. E. Automatic Equipment for Reclosing and 
Sectionalizing, Engng. & Min. Jour., v. 124, p. 974-78, 
1055-59. Dee. 17, 31, 1927. 

Anperson, A. E. Automatic Reclosing Feeder Equipment with 
Mechanically Latched-in Breaker. G. EH. Rev., v. 30, p. 
105-12. Feb., 1927. 

Anpprson, A. E. Use of Reclosing Equipment on A-C. Lines. 
Power Pl. Engng., v. 31, p. 737-39. July 1, 1927. 

Anprrson, S. H. Definite Schedule for Inspection. lec. 
Wid., v. 89, p. 406-07. Feb. 19, 1927. 

Armstronea, H. V. New Hydro Substation at Windsor. Elec. 
News, v. 36, p. 25-27. Aug. 15,1927. Describes equipment 
in an automatic substation of the Windsor hydroelectric 
system, at Windsor, Canada. 

Banxus, J. Remote Control High-Tension Station. Elec. Wid., 
y. 89, p. 854-55. Apr. 23, 1927. Short description of a 
60-ky. switching station of the Portland Electric Power 
Co. at Salem, Oregon. 

Beek, E. Lightning Arresters for Supervisory Control Systems. 
Elec. Jour., v. 24, p. 388-89. Aug., 1927. 

Buanpin, J. La Grande Fontaine Automatic Substation for 
the Fribourg Tramways. Brown Boveri Rev., v. 14, P. 
71-77. Mar., 1927. 
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Boppiz, C. A. Use of High-Frequency Currents for Control. 
A.L. E. E. Joun., v. 46, p. 763-69. Aug., 1927. 

Bryan, W. E. Automatic Substations Prove Economical. 
Elec. Rwy. Jour., v. 70, p. 677-78. Oct. 8, 1927. 

Bouiiarp, W. R. Operating Requirements for the Automatic 
Network Relay. A. I. E. E. Jovn., v. 46, p. 17-25. Jan., 
1927. 

Carotuers, F. N. Power for Dorchester Extension. Elec. 
Rwy. Jour., v. 70, p. 952-53. Nov. 19, 1927. Deseription 
of the Dickens Str. automatic substation of the Boston 
Elevated Railway. 

Cotvin, C. W. Largest Automatic Generating Unit. Hlec. 
News, v. 36, p. 31-33. July 15,1927. “Speeial electrical 
features of single 10,000 kv-a. remote controlled machine 
installed at Alouette generating station of B. C. E. R. Co.” 

Daxe, V. H. and Jones, H.C. Supervisory System for Pitts- 
burgh. Elec. Wid., v. 90, p. 105-08. July 16, 1927. Sys- 
tem used in the operation of automatic substations of the 
Duquesne Light Co. 

De Gorpr, A. H. Development of Automatic Switching 
Equipments in the United States and Europe. A. L E. E. 
Jour., v. 46, p. 1117-18, 1209-14. Oct.-Noy., 1927. 

Dituarp, E. W. and Powers, R. E. Full Automatie Hydro 
Station at Sherman Dam. Power Pil. Engng., v. 31, p. 
710-16. July 1, 1927. 9000-ky-a. plant of the New Eng- 
land Power Co., at Monroe, Mass. 

Dovs, C. L. Tie Stations and Supervisory Control for Illinois 
Central Electrification. G. EZ. Rev., v. 30, p. 183-88. 
Apr., 1927. 

Eutert, E. V. Automatic Substations Control St. Louis 
Street Lighting. Elec. Wid., v. 89, p. 1053-57. May 21, 
1927. 

Extyson, D. W. A 21,000-ky-a. Automatic Substation. 
E. E., Joun., v. 46, p. 802-04, 832-34 Aug., 1927. 
ment of the Kansas City Power & Light Co. 

Geaty, E. Automatic Substation Contrel Assures More 
Economical Operation. Engng. & Min. Jour., v. 123, p. 
1049-52. June 25, 1927. On the automatic substation in 
metal mining. 

Grissincer, G. G. Automatic A-C. Network Switching 
Units. A. I. E. E. Joun., v. 46, p. 46-49. Jan., 1927. 
Grunuoiz, H. Methods of Distribution and the Automatic 
Substations of the Staten Island Electric Railways. (In 

German.) £. T.Z., v.48, p. 775-30. May 26, 1927. 

Hatz, R. L. Sound Proof Automatic Substations. Zlec. Jour., 
v. 24, p. 273-76. June, 1927. 

Heirsrincer, F. N. Transmission and Distribution Super- 
visory Control. Elec. Light & Power, v. 5, p. 108-10. 
June, 1927. 

Hosss, M. H. Serving the Isolated Load. Elec. Jour.. v. 2¢ 
p. 258-64. June, 1927. 

Hovex, E. L. Automatic Control Equipment for 1500-Volt 
Are Rectifier Substations of the Chieago, South Shore 
& South Bend Railroad. G. EZ. Rev., v. 30, p. 345-48, 
July, 1927. 

Hovexu, E. L. Automatie Substations for Industrial Plants. 
Power Pl. Engng., v. 31, p. 250-52. Feb. 15, 1927. 


Jenkins, F. O. Experience with Supervisory System. Zlec. 
Wid., v. 90, p. 613-16. Sept. 24,1927. Experiences of the 
Kansas City Power & Light Co. 

Jennincs, J. T. Anthracite Turns to Automatic Control 
Coal Age, v. 32, p. 129-30. Sept., 1927. On the use of 
automatic control systems for the compressors employed 
at anthracite coal mines. 

Kiessurnc, C. Automatic and Remote-Controlled Motor 
Equipment. (In Swedish.) Asea’s Tidning, v. 19, p-. 
117-26. Sept., 1927. For a-c. and d-c. motors. Serial. 

Lanz, F.J. Rotary Converter Automatic Substation. IL. E. E. 
Jour., v. 65, p. 823-26. Aug., 1927. 
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Lewis, F. M. Indoor-type Distribution Substations Serve 
Portland Residential Areas. Elec. West, v. 59, p- 336-37. 
Dee., 1927. 

Licutrenpees, C. Testing, Inspecting, and Maintaining Auto- 
matie Stations. A. L E. E. Jour. v. 46, p- 603-06. June, 
1927. Diseussion, v. 46, p. 724-37. July, 1927. Pover, 
vy. 65, p. 495. Mar. 29,1927. Abstract. 

Lasrox, J. Some Developments in the Electrical Industry 
During 1926; Automatie Stations. G. E. Ra., v- BW, p- 
4449. Jan. 1927. 

McCor, J. L. All Steel Mounting for Supervisory Control 
Equipment. Elec. Jour., v.24, p. 296-98. June, 1927. 
McCrzes, H. A. Automatic Control for A-C. Distribution 
Systems. Elec. Light and Power, v. 5, p. 21-24, 92, 94 

Mar., 1927. ; 

McKeazime, F.P. Mereury Are Rectifier Equipment. Elz. 
Light & Power, v- 5, p. 100-02. June, 1927. For use in 
automatic substations for street lighting. 

Merxers, G. Automatic Switching Equipments for Converter 
Plants. A. E.G. Progress, v.3,p.257-61. Sept., 1927. 
Merszees, G. Making Power Switching Installations Auto- 
matic. (In German.) A. E. G-Zeit.. p. 153-57, 137-91 
Aug.-Sept., 1927. Pertains to Automatic Generating and 

Transformer Stations. 

Neuzex, J. H. Supervisory Control of Hydroclectrie Power 
Stations. Elec. Light & Power, v- 5, p- 26-28. Apr., 1927. 

Nosaz, B. G. New Automatic Substation for the Chicago 
Surface Lines. Elec. Ruy. Jour., v- BD, p- B36. May 
14, 1927. 

Paczarp, M. F. and Powzzs, R. E. Economic Advantages 
Show Desirability of Automatic Substation Control 
Coal Age, v. 31, p. 840-43. June 9, 1927. 

Parsons, J. S. Evolution of the Automatic Network Relay. 
ALE. E Jove, v.46, p. 0-57. Jan, 1927. 

Pascuer, A. Glass Mereury-Are Rectifier Stations in Municipal 
Networks and the Possibilities of Rendering Them Auto- 
matic. AEG Progress, v.3, p. 278-35. Sept. 1927. The 
German version of this paper appeared in A. ZB. G. Mut, 
p. 451-459. Dee. 1926. 

Pzeszsox, E. F. and Lewis, F. M- Automatic Signaling over 
Ordinary Telephone. Elec. Wid, v. B, p. 355. Feb. 12, 
1927. For automatic substations. 

Perzzsox, E. G. Rapid Growth of Automatic Substation 
Control Due to its Great Economic Advantages. Coal 
Age, v.31, p. 461-64. Mar. 31, 1927. 

Powees, R. E. Automatic Substations in Coal Mining. 
Modern Mining, v. 4, p. 145-52. May, 1927. 

Reacax, M. E. Automatic Switching Control for Mercury 
Are Rectifiers. Elec. Jour., 7. 24, p. 496-99. Ocet., 1927. 

Rermeotn, R. Load Dispatching Remote Control Board. 
Elec. Wid, +. 90, p. 449-). Sept. 3, 1927. New board of 
the Northern States Power Co. 

Rose, K. and Remace, L. Remote Control and Return- 
Signal Cirenitse that are Economical of Copper. (in 
German.) E. T. Z., ¥. 48, p. 1099-1102. Aug 4, 1927. 
For power plants and substations. 

Ross, T. W. Automatic Substations. Me.-Vick. Gaz., v. 10, 
p- 202-07. Sept., 1927. On the necessary equipment and 
iteapplication. Serial 

Sexvrowicz, L. Recent Progress in the Design of Railway 
Substations. (In French.) Ind. des Voices Perrées, v. 21, 
p- 450-72. Nov., 1927. Deals chiefly with automatic 
substations, supervisory control systems, and the like. 
Includes a short list of references, p. 472. 

Sserre:, W. KR. Substation Construction of Los Angeles Gas 
& Electric Corporation. West. Constr. News, v. 2, p. 54-55. 
Dee. 25, 1927. Includes some information on the super- 
visory control system. ; 

Srewarr, C. E. and Warrser,C.F. Carrier-Current Selector 
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583-92, 631-32. June, 1927. 

Srivesrer, C. Automatic Substations. Elecn., Lond., v- 
98, p.619-20. June, 1927. 

Wacxer, E. B. Notes on the Automatic Operation of Centrif- 
ugal Pumps. GE. Ra., v.20, p.270-74 Ang, 1927. 
Warr, M. Mercury Are Rectifiers. (In French.) Ind. des 
V cies Ferries, v- 21. p. 376-33. Ang,1927. An illustrated 

account of BBC equipment for automatic substations. 

Werissesce, W. Remote Controlled Automatic Mercury 
Rectifier Substations for Municipal Power and Lighting 
Stations. Siemens-Schuckert Rew, v- 3, p.- 40-44, No. 2, 
1927. Serial. 

Axoxruovs. Another Automatic Substation on the Pacifie 
Electric. Elec. Rwy. Jour., v- 70, p. BBA. Nov. 5, 
1927. Describes tho ten Ces eee 

Auto-reclosing switchgear. Elec. Res., Lond., ¥. Wi, 
p.- 319. Ang. 19,1927. 

Automatie Hydro Holds Lake Level. Elec. Wid., v. W, 
p- 348-49. Nov. 5, 1927. Lake Laure plant of the 
Carolina Mountains Power Co., near Chimney Rock, 
Be ee 

Automatie Hydroelectric Plant Built into Dam. Power, 
v. 65, p- 813. May 31, 1927. Plant of the Chimney 
Rock Mountains, Inc. Near Asheville, N.C. 

Automatie Power Stations. Brown Boveri Rea., v. 14, 
p- 124-28. May, 1927. 

Automatic Substation Serves Office Building. Power PI. 
Engng, v- 31, p. 735. July 15, 1927. Equipment in 
the office building of MeKinney Steed Co. at Cleveland. 

Automatic Substations. Elecd'n. Lond., v. 9, p-. 494. 
May 6, 1927. 

Automatic Substations. Ele’n. Lond, v. 9, p- 162-6. 
Aug. 5, 1927. Deseribes and illustrates the camshaft 
controller system ae utilized by the English Plectric Co. 

Electricity at Iford. Elec’n., Lond., v. 93, p. 387, Apr. 3, 
1927. Ele. Rea., Lond, v.10, p. 547-48. Apr. 8, 1927. 

Enghaveplads Automatic Substation, Copenhagen. Engr., 
Lond., ¥. 143, p. 584. May 27, 1927. 

First Canadian Automatic Rectifier Substation Installed 
by Montreal Tramways. Elec. Ruy. Jour., v. ®, p- 
767-72. Apr. 2, 1927. Illustrated description of the 
Verdun substation. 

Mereury-Are Rectifier Automatic Substation. (In French.) 
Ginie Civil, v. W, p. 128-29. Jan. 29, 1927. 

1K0-kw. Complete Automatic Portable Substation for 
B.C.E.R.Co. Elec. News, v. 6, p- 25. Nov. 15, 1927. 
A short description of equipment mounted on railway 


Care. 
of Supervisory Control Ele. WId., y. 9, p-. 
741. Oct. 8, 1927. 

Radijo-Frequency Equipment used for Remote Control. 
Elec. West, v. 3, p.324-25. Dee., 1927. 

Railway Electrification Scheme, Capetown Suburban 
Railway. Elec. Rev., Lond., y. 100, p. 79. Jan. 7, 
1927. 

Reeves Remote Control Variable-Speed Transmission. 
Am. Mach., v. 66, p- 798. May 12, 1927. Power, 
v. 6, p. 755. May 17, 1927. 

Report of A. BE. BR. B. A. Committee on Power Generation 
and Conversion. Elec. Rwy. Jour., v. 70, p- 700-01. 
O«t. 8, 1927. On ventilation of automatic substations. 

San Gabriel Automatic Substation on the Pacific Eleetrie. 
Elec. Ruy. Jour., v.70, p. BBA. Nov. 5, 1927. 

Supervisory Control of Substations. Engng., Lond.,v. 12, 
p- 11-14, Jan. 7, 1927. Ele’n., Lond., v. 9, p. 4-7. 
Jan. 7, 1927. Equipment of the General Electric, 
Ltd., London, for the South African railways. 


cane 


Vet. 1928 


1926 


Apacui, 8. Notes on the Automatic Hydroelectric Plant. 
(In Japanese.) Shibaura Rev., v. 5, p. 251-58. Sept., 1926. 
ALLIAUME, R. Essential Elements of the Automatic Substa- 
tion. (In French.) Revue Gén. del’ Elec., v.19, p. 263-69. 
Feb. 13, 1926. Description of automatic substation equip- 

Jz ment of a Parisian street railway. 

_ AuiiauME. Features of Automatic Substations. (In French.) 

Ind. des Voies Ferrées, v. 20, p. 150-54. Mar., 1926. 

Anperson, A. E. Automatic Reclosing Equipment in Sub- 
stations. Power Pl. Engng., v. 30, p. 1110-14, 1206-09. 
Oct. 15, Nov. 15, 1926. 

Anverson, A. E. Automatic Reclosing Feeder Equipments for 
Direct-Current Railway Service. G. EH. Rev., v. 29, p. 
559-68. Aug., 1926. 

Anperson, 8. H. Automatic Substations on Pacific Electric 
System. Elec. Jour., v. 23, p. 496-99. Oct., 1926. De- 
scribes the equipment of the Pacific Electric Railway Co. 

Bate, L. D. Cleveland on an All-Substation Basis. Elec. Ry. 
Jour., Vv. 67, p. 714. Apr. 24, 1926. 

Bate, L. D. Cleveland Railway Extends the Use of Automatic 
Substations. Elec. Rwy. Jour., v. 68, p. 373-74, 417-22, 
455-59. Sept. 4-18, 1926. 

Bate, L. D. Pneumatic Control of Direct-Current Power 
Equipment. Elec. Jour., v. 230, p. 530-33. Oct., 1926. 
Pertains to electro-pneumatic control for heavy d-c. switth- 
ing operations in automatic substations of the Cleveland 
Railway Co. 

Bany, H. and McDonatp, G. R. Automatie Control of Edison 
Lighting Motor-Generator Sets. G. #. Rev., v. 29, p. 482- 
89. July, 1926. 

Beaucuamp, F. F. Fire Alarm Equipment Records Outages. 
-Elec. Wld., v. 88, p. 432. Aug. 28, 1926. A system that 
notifies the trouble clerk which one of the feeders originating 
at one of the unattended substations is out. 

Be.t, H. P. Automatic Sub Increases Track Capacity 11 Per 
Cent. Jour. Elec., v.57, p. 168-69. Sept.1,1926. Equip- 
ment of the Key System Transit Co., Oakland, Cal. 

Beit, H. P. Key System Transit Company Completes 1500- 
kw. Substation. Elec. Rwy. Jour., v. 68, p. 53-56. July 
10, 1926. 

Buiacxwoop, W.C. Remote Controlled Substations of the New 

_. York and Queens Electric Light and Power Company. 
A. I. E. E. Jour., v. 45, pp. 531-534. June, 1926. Dis- 
cussion, v. 45, p. 1174-75. Nov., 1926. 

Buapry, J. Palais du Midi Automatic Rectifier Substation at 
Brussels. Brown Boveri Rev., v. 13, p. 259-67. Nov., 1926. 

Carum1, M. Electric Remote Control. (In French.) Soc. 
Fr. des Elec. Bul., v. 6, p. 590-630. June, 1926. On the 
theory and characteristics of various systems. 

Carpenter, J. S. Non-governing Hydro Plants. Elec. Wid., 

| y. 88, p.111. July 17, 1926. 

- Carson, A. G. and Lisa, E.D. Automatic Control of Hydro- 

electric Plants on the Peshtigo River. Elec. Jour., v. 23, 

] p. 168-72. Apr., 1926. 

Carson, A. G. and Lisa, E. D. Automatie Plants Added 
After Experience. Elec. Wid., v. 87, p. 445-48. Feb. 27, 
1926. Of the Wisconsin Public Service Corporation. 

Danz, A. St. Legier Automatic Rectifier and Rotary Converter 
Substation of the Chemins de Fer Electriques Vereysans. 
Brown Boveri Rev., v. 13, p. 193-200, Aug., 1926. 

DeBoer, D. J. Unusual Automatic Hydroelectric Station. 
G. E. Rev., v. 29, p. 814. Nov., 1926. Parishville develop- 
ment of the St. Lawrence Valley Power Corp’n. at Potsdam, 
1. Ee 

Epwarps, J. H. Modern Devices Speed Operation and 
Assure Safety; Automatic Substation Controlled by Tele- 

_ phone. Coal Age, v. 30, p. 457-60. Sept. 30, 1926. 

Fisuer, F. P. Bourbon Automatic Substation of the New 
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Orleans Publie Service, Inc. 
Feb., 1926. 

Grorce, G. C. Automatic Hydroelectric Plant Designed for 
Peak Load Service. Power, v. 64, p. 116-19. July 27, 1926. 
Soft Maple plant of the Northern New York Utilities, Ine. 

Gopin, R. N. Automatic Substations on the Montreal and 
Southern Counties Railway. lec. Jour., v. 23, p. 521-23. 
Oct., 1926. 

Gormann, G. Automatic Hydroelectric Plants, 
E.T. Z., v. 47, p. 353-54. Mar. 25, 1926. 

Hagan, J. 8. Automatic Substation Equipment of the Staten 
Island Rapid Transit Railway Company. Elec. Jour., 
v. 23, p. 499-503. Oct., 1926. 

Hovaes, BE. L. Automatic Sectionalizing and Reclosing Devices 
Protect Mine and Reduce Outage Delays. Coal Age, 
v. 30, p. 317-20. Sept. 2, 1926. 

Jaquay, F. E. Using Automatic Switching Equipment. 
Ind. Engr., v. 84, p. 402-05. Sept., 1926. 

Jounsrone-Taytor, F.. Control of Hydroelectric Plants. 
Elee’n., Lond., v. 97, p. 640-41. Dee. 3, 1926. 

Kamata, KR. Automatic Railway Substation. (In Japanese.) 
Shibaura Rev., v. 5, p. 307-26. Sept., 1926. 

Kasuinsxy, V. P. Load-dispatching in Interconnected Net 
Works. (In Russian.) Elektrichestuo, p. 464-68. Nov., 
1926. Includes material on supervisory control. 

Kato, M. and Tsuxapa, T. Equipment and Operating Results 
of Sekiyama Automatic Power Station. (In Japanese.) 
Shibaura Rew., v. 5, pp. 259-64. Sept., 1926. 

Kweevann, F. H. Automatic Substation Obviates Attendance. 
Coal Age, v. 30, p. 3-4. July 1, 1926. Substation of 
Kingston Coal Co., Kingston, Pa. 

Lanes, H. T. Automatic Control at Cahokia. Power Pl. 
Engng., v. 30, p. 128-30. Jan. 15, 1926. 

Levy, C. C. Automatic Control for Synchronous Condensers. 
Elec. Jour., v. 23, p. 150-53. Apr., 1926. 

Licurenvens,C. Automatic Switching Equipment for Steel 
Mill Service. Gen. Elec. Rw., v. 29, p. 418-24. June, 1926. 

Licutensenc, C. Notes on Automatic Switching Equipment. 
Elec. Wid., v. 87, p. 765-67. Apr. 10, 1926. Classification 
and performance requirements. 

Licutrenvens, C. Principles of Automatic Switching Equip- 


G. EL. Rev., v. 29, pp. 97-101. 


(In German.) 


ment. G. EB. Rew., v. 29, p. 347-55. May, 1926. 
Licutrensenc, C. Supervisory Systems for Electric Power 
Apparatus. A. L EB. E. Joun., v. 45, pp. 116-22, Feb., 


1926. Discussion, v. 45, p. 671-73. July, 1926. 

Liston, C. Some Developments in the Electrical Industry 1926. 
G. E. Rev., v. 29, p. 47-51. + Jan., 1926, , 

Lonewein, R.R. Avenue T. Automatic Supervisory Controlled 
Substation of the New York Rapid Transit Corp’n., Brook- 
lyn., N.Y. Elec. Jowr., v.23, p. B-12. Oct., 1926. 

McCoy, J. L. and Swoisu, W. R. Supervisory Control. 
Jour., ¥. 23, pp. 311-19. June, 1926. 

Maruyama, H. New Method of Using the Asynchronous 
Machine as a Generator in Automatic Power Stations. 
(In Japanese.) Shibaura Rev., v. 5, p. 289-94. Sept., 1926, 

Meinens,G. Automatic and Remote Controlled Water Power 
Plant. AEG Progress, v. 2, p. 372-74. Dee., 1926, 

Pacxarp, M. F. Step Induction KRegulator-Controlled Syn- 
chronous Converters. Elec. Wld., v. 38, p. 747-49. Oct, 
9,1926. Describes such apparatus for automatic substation 
service. 

Peanson, BE. F. and Peary, T. Full Automatic Phase Modifier 
Station. Northwestern Electric Co., Portland, Ore. lec. 
Jour., ¥. 23, p. 154-56. Apr., 1926. 

Pearson, E. F. and Peary, T. System Flexibility Increased 
by Phase Modifier. Jour. Elec., v. 57, p. 182-44. Aug. 
15, 1926. Equipment of the Northwestern Electrie Co. 


Pewanp, T. E. and Connery, C. A. Advanced Practice in D-e, 
Automatic Substation Design. Elec. Light and Power, 


Elec. 
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v. 4, p. 17-22, 76. Aug., 1926. Cambridge St. substation 
of Edison Electric Illuminating Co. of Boston. 

Peterson, A. J. A. and Frencer, R. F. Automatic Reclosing 
Equipment for A-C. Feeders. Elec. Jour., v. 23, p. 188-90. 
Apr., 1926. 

Powers, R. E. Application of Automatically Controlled 
Equipment to Substations. Elec. Rwy. Jour., v. 68, p. 
257-61. Aug. 14,1926. 

Reap, L. P. Two Unit Automatic Station with Purchased 
Power Aids Steam Plants at Mines. Coal Age, v. 27, p. 
753-56. May 21, 1926. Illustrated description of a Con- 
solidated Coal Co.’s substation near Frostburg, Md. 

Reacan, M. E. Methods of Automatically Synchronizing 
Water-wheel Generators in Automatic Hydroelectric Gener- 
ating Stations. Elec. Jour., v. 28, p. 172-79. Apr., 1926. 

Rowney, W. H. History of Automatic Stations for Various 
Applications. G. EH. Rev., v. 29, p. 190-95. Mar., 1926. 

Scunuuer, OC. P. and Carr, W.B. Automatic Non-Governing 
Hydro Plant at Parishville, N. Y. Elec. Wid., v. 87, p. 
1285-88. June 12, 1926. 

Smrru, F. V. Automatic and Supervisory Control of Hydro- 
electric Generating Stations. A. I. E. E. Jour., v. 45, p. 
967-73, 1029-35. Oct., 1926. Power, v. 64, p. 67-68. 
July 13, 1926. Condensed. 

Spnasz, J. F. Governors for Automatic Hydroelectric Units. 
G. E. Rev., v. 29, p. 356-59. May, 1926. 

Sprasn, J. F. New York has Largest Automatic Hydro Plant. 
Power Pl. Engng., v. 30, p. 850-60. Aug. 1, 1926. Soft 
Maple Dam station of Northern New York Utilities, Inc. 

Surupruanp, W. F. Forty-five Thousand Ky-a. Station with 
Supervisory Control. Elec. News, v. 35, p. 29-33. Nov. 1, 
1926. Wilshire station of the Toronto Hydroelectric 
System. 

TaxaoKa, I. An Example of the Reconstruction of an Ordinary 
Power Station for Automatic Operation. (In Japanese.) 
I. HE. E. Japan, Jour., p. 1093-1114. Sept., 1926. Funatsu 
hydroelectric station. 

Taxeucui, S. Selection and Kinds of Control Equipment for 
the Automatic Hydraulic Power Station. (In Japanese.) 
Shibaura, Rev., v. 5, p. 269-87. Sept., 1926. 

TurHoitmg, C. H. S. Factory Electrification. Cassier’s Ind. 
Man., v. 18, p. 472. Nov., 1926. 

VALENTINE, C. E. and Newmeyer, W. L. Automatic Railway 
Substations in Japan. lec. Jour., v. 23, p. 513-19. Ocet., 
1926. 

Watty, W. Automatic Power Rectifier Installation. Brown 
Boveri Rev., v. 13, p. 241-49. Oct., 1926. 

Wituiams, Ff. F. Pennsylvania Company Puts Ten Substations 
and Five Fans under Automatic Control, Making Striking 
Advances in Practise. Coal Age, v.29, p. 707-712. May 
20, 1926. 

Yamasaki, K. Automatic Control of Synchronous Condensers. 
(In Japanese.) Shibaura Rev., v. 5, p. 295-305. Sept., 
1926. 


Zacurisson, HE. Automatic Hydroelectric Power Stations in 
Sweden. World Power Conference Basle, Trans., v. 1, p. 
233-39. 1926. 


Anonymous. Alexander Dam Automatic Hydroelectric Plant. 
Power Pl. Engng., v.3 , p. 912. Aug. 15, 1926. 

Another Automatic Converter Sub-station. lec. Rev., 
Lond., v. 98, p. 124-25. Jan. 22, 1926. Engr., Lond., 
v. 141, p. 218-19. Feb. 19, 1926. Engng., Lond., 
v. 121, p. 114-16. Jan. 22, 1926. Short descrip- 
tion of Mather & Platt, Ferranti, and Reyrolle equip- 
ments in an English substation. 

Anonymous. Automatic Control of: Electric Plant. Mef.- 
Vick. Gaz., v. 9, p. 372-75. Nov., 1926. Illustrated de- 
scription of Metropolitan control apparatus for automatic 
substations. 


Transactions A. I. EK. EB. 


Automatic Control in Main and Substations. Power Pl. 
Engng., v. 30, p. 602-05. May 15, 1926. 

Automatic Hydro Plants of the Detroit Edison Co. Power 
Pl. Engng., v. 30, p. 352-58. Mar. 15, 1926. 

Automatic Hydroelectric Plant Serves Dual Purpose. 
Power, v. 64, p. 365. Sept. 7, 1926. 

Automatic Power Stations. Asea-Jour., v. 3, p. 2-6. 
Jan., 1926. 

Automatic Railway Substation. Elec. Rev., Lond., v. 99, 
p. 294-95. Aug. 20, 1926. Hlec’n., Lond., v. 97, p. 
265-66. Sept. 3, 1926. : 

Automatic Rotary Converter Sub-station. Hngr., Lond., 
v. 141, p. 218-19. Feb. 19, 1926. Engng., Lond., 
v. 121, p. 114-16. Jan. 22, 1926. Elec. Rev., Lond., 
v. 98, p. 124-25. Jan. 22, 1926. Illustrated account 
of a 500-kw. station in England. 

Automatic Secondary Network System in Memphis. 
Elec. Wid., v. 88, p. 855-57. Oct. 28, 1926. 

Automatic Substation Installed in Office Building. Power, 
v. 63, p. 336. Mar. 2, 1926. 

Automatic Substation Under a London Square. Met.- 
Vick. Gaz., v. 9, p. 408-10. Dece., 1926. 

British Automatic Substation Control. Railway Engr., 
Lond., v. 47, p. 12-13. Jan., 1926. 

Cambridge Automatic Station Recorder. Elec’n., Lond., 
v. 97, p. 557. Nov. 12, 1926. 

Classification of Automatic Station Devices. Power Pl. 
Engng., v.3, p. 957. Sept. 1, 1926. 

Control Gear for Railway Automatic Substations. Rwy. 
Gaz., v. 45, p. 368-69. Sept. 24, 1926. Equipment 
manufactured by the Automatic Telephone Mfg. Co., 
Liverpool, England, for an Indian Railroad. — 

Cooling of Automatics is Important. Coal Age, v. 30, 
p. 218-19. Aug. 12, 1926. 

Development of the Automatic Switching in America. (In 
German.) JH. T. Z., v. 47, p. 1487-90. Dec. 16, 1926. 

Electrical Developments at Ilford. Elec. Rev., Lond., v. 
98, p. 688-89. Apr. 30, 1926. FElec’n., Lond., v. 96, 
p. 440. Apr. 16, 1926. 

Full Automatic Merecury-Are Rectifier Substation Used in 
Rotterdam, Holland. Elec. Wid., v. 87, p. 188. Jan. 
23, 1926. 

Clines Canyon Power House, Largest Single-Unit Auto- 
matic Hydro-electrie Station. Power, v. 64, p. 773. 
Nov. 23, 1926. Munic. & County Engng., v. 71, p. 
375-76. Dec., 1926. 


Interconnection of Third Rails, and Short Circuit Tests on — 


Traction Networks. (In French.) Génie Civil, v. 88, 
p. 11-14. Jan. 2, 1926. Discusses various practises 
employed, with manually operated and automatic 
railway substations, for testing feeder lines. 

Keeping Operating Records at Unattended Stations. Elec. 
Wid., v. 88, p. 1276. Dee. 18, 1926. 

Largest Automatic Hydroelectric Station. Hlectric Light 
& Power, v. 4, p. 108-09. Dec., 1926. Plant near 
Port Angeles, Wash., of the Northwestern Power & 
Light Co. 

Maintenance Experience on Automatic Substations. Elec. 
Wid., v. 87. p. 861-63. Apr. 24, 1926. Pertains to 
the substation installations of the Kansas City Power 
& Light Co. 

Railway Automatic Substations.. Hlec’n., Lond., v. 97, 
p. 265-66. Sept. 3, 1926. English equipment for an 
Indian railroad. 

Remote Control of Outdoor Switches. (In German.) 
Schweiz. Elek. Ver. Bul., v. 17, p. 596-97. Dec., 1926. 
Short description of the apparatus manufactured by 
Kienast & Co., Zurich, Switzerland. 


i 


; 


. 


Oct. 1928 


Remote Control on 27 Per Cent of Chicago’s 60-cycle 
System. Elec. Wid., v. 87, p. 716. Apr. 3, 1926. 

Remote-control Substations at Croydon. Elec. Rev., 
Lond., v. 98, p. 466, Mar. 19, 1926. 

Report of A. E. R. E. A. Committee on Power Generation 
and Conversion Power Transmission and Distribution 
and Economics of Automatic Substations. Elec. 
Rwy. Jour., v. 68, p. 677-79. Oct. 9, 1926. 

Soho-Square Substation. Engr., Lond., v. 142, p. 424-25. 
Oct. 15, 1926. Engng. Lond., v. 122, p. 485-87. Oct. 
15, 1926. lec’n., Lond., v. 97, p. 443-44. Oct. 1, 
1926. An automatic underground substation in 
England. 

Sound-proof Automatic Substation. Elec. Trac., v. 22, 
p. 369. July, 1926. Dunbar substation of the 
British Columbia Elec. Railway Co. . 

Substation Changed with no Loss of Time. 
29, p. 164. Jan. 28, 1926. 

Supervisory Control Gear for Bombay Railway Automatic 
Substation. lec. Times, v.70, p. 155-56. . Aug. 5, 
1926. 

Switchboards Automatically Control Substation. 
Age, v. 29, p. 931-32. June 24, 1926. 

Unique Automatic Hydroelectric Installation at Potsdam, 
N.Y. Power, v. 63, p. 148. Jan. 26, 1926. 


1925 


A. E.R. E. A. Automatic Substations and Supervisory Control. 
Amer. Elec. Rwy. Engng. Ass’n. Proc., p. 613, 626, 741-52, 
659, 668, 678. 1925.’ 

A. I. H. E.—Committee on Automatic Stations. 
A. I. HE. E. Committee on Automatic Stations. 
Jour., v. 44, p. 1226-31. Nov., 1925. 

Anau, R. Remote and Automatic Control in Hydro-electric 
Stations. (In Italian.) Jlettrotecnica, v. 12, p. 285-89. 
Apr. 25, 1925. Sci. Abstr., Sec. B, v. 28, p. 454. 1925. 

Baxnr, C. E. Automatic Substations in Railway Service. 
G. E. Rev., v. 28, p. 431-35. June, 1925. 

Bats, S. D. Automatic Substations for City Service. 
Rwy. Jour., v. 65, p. 931-32. June 13, 1925. 

Barry, T. A. Automatic Stations in New England. G. £. 
Rev., v. 28, p. 392-97. June, 1925. Considers both sub- 
stations and hydroelectric operation. 

Bary, P. Automatic Connection of Transformers by Means of 
Relays. (In French.) Elec. & Méc., p. 46-49. May- 
June, 1925. 

Buarcr, W. D. Automatic Substation Equipment for South 
African Railways. G. E. Rev., v. 28, p. 713-19. Oct., 1925. 

Bertis, A. E. Automatic Substations of the Kansas City Power 
and Light Company. G. EH. Rev., v. 28, p. 369-74. June, 
1925. 

Bovittet, H. Remote Control by Hertzian Waves. (In 
French.) Rev. Gén. de l’Elec., v. 18, p. 828-32. Nov. 14, 
1925. 

Brockway, R. M. Automatic Switching Equipment Devices. 
G. E. Rev., v. 28, p. 440-47. June, 1925. 

Burxs, F. E. Marvelous Smoke Detector; Special Thermionic 
Tube Sends a Warning Signal the Instant Smoke Interferes 
with the Passage of a Beam of Light. Aera, v. 14, p. 954- 
57. Dee., 1925. 

Burcurr, C. A. Supervisory System Supplements Automatic 
Substation Control. Elec. Rwy. Jour., v. 66, p. 53-56. 
July 11, 1925. Illustrated account of equipment used by 
the Staten Island Rapid Transit Railway. 

Caste, M. Newtown Substation, Wellington, N. Z. Met. 
Vick. Gaz., v. 8, p. 312-18. Mar., 1925. Illustrated de- 
scription of Metropolitan Vickers equipment in an automatic 
substation. 

Cuussuck, L.B. Automatic Stations and Supervisory Control. 
Bul. of Hyd. Power,Com. of Ont., v. 12, p. 58-69. Feb., 
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1926. Elec. News, v. 34, p. 48-51. Feb. 15, 1925. Paper 
read before the Association of Municipal Electrical Utilities, 
Toronto. 

Coxurns, E. B. Automatic Synchronous Condenser at the 
South Works of the American Steel & Wire Co., Worcester, 
Mass. G. H. Rev., v. 28, p. 389-391. June, 1925. TIllus- 
trated description of an automatie synchronous condenser 
substation. 

Cunnineuam, E. R. & Barxnr, G. N. Automatic substations 
of the Oregon Electric Railway. G. E. Rev., v. 28, p. 422-25. 
June, 1925. 

Denny, R. C. Some Features of Automatic Generating Plant 
Design and Operation. Jour. Elec., v. 54, p. 490-92. June 
1, 1925. 

Epwarps, C. W. Supervisory Control of Substations. ° Elec. 
Trac.,-v. 21, p. 119-22. Mar., 1925. Remote supervisory 
control of automatic substations on the Chigaee. North 
Shore and Milwaukee line. 

Ewatp, H. W. Automatic Stations; Here, There, and Every- 
where; G. H. Rev., v. 28, p. 454-461. June, 1925. Includes 
statistics on number and characteristics of G-E automatic 
station equipments as of June 1, 1925. 

Finuey, R. E. Automatic Control of Motor-operated Air 
Switches. lec. Wid., v. 85, p. 516-17. Mar. 7, 1925. 
Fircu, W. 8S. Automatic Synchronous Converter Equipment 
at the Dennison Mfg. Co. G. E. Rev., v. 28, p. 398-403. 

June, 1925. 

Furr, C. L. and Wess, W. L. Automatic Substations of the 
Appalachian Power Company, G. EH. Rev., v. 28, p. 408-414. 
June, 1925. 

Garrett, P.B. Automatic Hydroelectric Plant of the Gorgonio 
Power Co. Elec. Jour., v. 22, p. 286-89. June, 1925. 

Guicer, C. W. Semi-automatic Operation for Small Hydro 
Plants. Power Pl. Engng., v. 29, p. 1106-07. Nov. 1, 1925. 

GreENzn, A. L. Automatic Substation Cooling Systems. Elec. 
Wid., v. 85, p. 152-53. Jan. 17, 1925. 

Harpaway, W.D. Automatic Distribution Substations of the 
Public Service Co. of Colorado, in Denver. G. EH. Rev., 
v. 28, p. 384-88. June, 1925. 

Harvey, R. M. Automatic Substations on the Melbourne 
Suburban Railway System, Australia. G. EH. Rev., v. 28, 
p. 491-98. July, 1925. Illustrated description. 

Hecxrr, G. C. Use of Automatic Substations Steadily In- 
ereases. Aera, v. 13, p. 1651-60. May, 1925. 

Heinemann, F. Transformer Station with Automatic Switch- 
ing Equipment for an Auxiliary, Peak-Load Transformer. 
(InGerman.) Elektro-Jour., v. 5, p. 233-35. June 15, 1925. 

Hoven, E. L. Automatic Substations in the Mining Industry. 
G. E. Rev., v. 28, p. 415-21. June, 1925. 

Hovaes, E. L. Direct-Current Reclosing Equipments in Indus- 
trial Service. G. E. Rev., v. 28, p. 826-29. Dee., 1925. 
Hoveu, E. L. Reclosing Equipment for Mines. Engng. & 
Min. Jour.—Press, v. 119, p. 563-67. Apr. 4, 1925. Dis- 

cusses characteristics and design of various types. 

Huntineron, E. X. Automatic Stations. Elec. Lt. & Pr., 
v. 3, p. 15-18, 34. Jan., 1925. Illustrated description of 
automatic substation installations of the Rochester Gas & 
Elec. Corp. 

Jacoss, H. M. Automatic Substations for Railway Signaling 
and Train Control. G. HE. Rev., v. 28, p. 640-49. Sept. 
1925. Rwy. Sig., v. 18, p. 391-96. Oct., 1925. 

Jounson, 8. E. Automatic Substations on the Chicago, Aurora 
and Elgin Railroad. G. HE. Rev., v. 28, p. 429-430. June, 
1925. 

Jones, C. H. Automatic Substations on the Chicago, North 
Shore & Milwaukee R. R. G. EL. Rev., v. 28, p. 426-28. 
June, 1925. 


Kettoae, R. B. and others: Design and Operation Features of 
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Automatic Substations. Jour. Elec., v. 54, p. 486-88. 
June 1, 1925. 

Ketsay, G. H. & Stiner, H. W. Changeover of Cleveland 
Southwestern Railway & Light Company to Automatic 
Substations. G. E. Rev., v. 28, p. 436-39. June, 1925. 

Lanpon, J. L. Design of Automatic Regulator Heads. Jour. 
Elec., v. 54, p. 488-90. June 1, 1925. 

Liston, J. Some Developments in the Elecirical Industry 
during 1924. G. E. Rev., v. 28, p. 14-17. Jan., 1925. 
McCartsy, T. F. Automatie Control of Direct Current Cir- 
cuits in Coal Mines. Min. Cong. Jour., v. 11, p. 484-485. 

Oct., 1925. ; 

McCrea, H. A. Automatic Substations for Edison Service. 
G. E. Rev., v. 28, p. 375-380. June, 1925. Advantages and 
performance. 

Minitsan, W. H. Automatic Control for Substation Apparatus. 
A. LE. E. Jour., v. 44, p. 538-91. June, 1925. Power Pl. 
Engng., v. 29, p. 543-46. May 15, 1925. Outlines some of 
the more important problems being encountered in auto- 
matic development, such as the need for automatic fire 
protection in the stations, the necessary future development 
of thermal protective devices, voltage regulating devices, 
ete. 

Morrison, R. L. High-power Mercury Are Reciifiers. Elec. 
Rev., Lond., v. 97, p. 484-87. Sept. 25, 1925. On their 
application in the automatic substation. 

Pet, A.E. Reliability and Economy of Automatic Substations. 
Elec. Engr. of Aust. & N. Z.,-v. 2, p- 111-13. June 15, 
1925. Extract from a paper read before the Inst. of Engrs. 
Aust. 

Pretzscu, Automatic Substations. (In German.) Elek. Bah- 
nen, V. 1, p. 242-47. June, 1925. Illustrated account of a 
BBC automatic rotary converter installation. 

Piace, C. W. Automatie Hydroelectric Stations. G. E. Rev., 
28, p. 364-68. June, 1925. 

Pianteat, J. Automatic 60,000/15,000-volt Outdoor Trans- 
former Substation at Puiseaux. (In French.) Revue Gén. 
del Elec., v. 18, p. 862-73. Nov. 21, 1925. Illustrated 
description of a French installation. 

Poutiarp, N. L. Miller Street Automatic Substation of Public 
Service Electric & Gas Co., of New Jersey. G. E. Rev., 
vy. 28, p. 358-63. June, 1925. 

Reap, L. P. Two-unit Automatic Siation with Purchased 
Power Aids Steam Plants at Mines. Coal Age, v. 27, p. 
753-56. May 21, 1925. 

Roszert, S. J. Automatic Substation in South Africa. Met. 
Vick. Gaz., v. 9, p. 143-46. Dec., 1925. Illustrated de- 
seription of Metropolitan Vickers equipment in railway 
substations of the Durban Corp. 

Rocers, G. Automatic and Semi-automatic Mercury-Vapor 
Reetifier Substations. J. E. E. Jour., v. 63, p. 157. 
Feb., 1925. Engng., Lond., v. 118, p. 782-84. 845-47. Dee. 
5, 19, 1924. Engr., Lond., v. 138, p. 615-16, 622. Nov. 
28, 1924. Elec’n. Lond., v. 93, p. 616-620, Nov. 28, 1924. 
Elec. Rev., Lond., v. 95, p. 835-37. Nov. 28, 1924. Dis- 
cusses the principal features of the mercury-vapor rectifier 
and its application in automatic substation. 

Rovsicex, J. Automatic Substations in Germany. 
vy. 86, p. 801-02. Oct. 17, 1925. 


Sapter, E. K. Automatic Substations on San Joaquin and 
Affiliated Systems. Jour. Elec., v. 54, p. 480-86. June 1, 
1925. 

Sapter, E. K. Experience with Automatic Substations. Elec. 
Wid., v. 86, p. 173-75. July 25, 1925. Results obtained by 
the San Joaquin Light & Power Corp. 

St. Aupirn, A. A. Automatically Controlled Asbestos Mill. 
Elec. Wid., v. 85, p. 655-57. Mar. 28, 1925. 

Scuoor, F. Small Automatics of the Firm Voight & Haeffner. 
(In German.) E. T. Z., v. 46, p. 1381-83. Sept. 3, 1925. 
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Stozop, A. A. References to Literature on the Automatic Sta- 
tion. G. E. Rev., v. 28, p. 462-64. June, 1925. 

Soren, G. E. H. von. Automatic Substations for Industrial 
Service. G. E. Rev., v. 28, p. 404407. June, 1925. 

Spease, J. F. Automatic Equipment for Alternating-Current 
Substations. G. E. Rev., v. 28, p. 381-383. June, 1925. - 

Srewart, C. E. Supervisory Systems. G. HE. Rev., v. 28, p. 
448-53. June, 1925. 

Tavzin, C. Thomson-Houston Automatic Remote Control 
Equipment. (In French.) Elec. Et Méc., p. 1-13. Nov.- 
Dec., 1925. Illustrated description of automatic substation 
equipment. 

Tcrizy, L. J. Improved Ventilating Features in Los Angeles 
Automatic Substations. Elec. Rwy. Jour., v. 66, p. 153-57. 
Aug. 1, 1925. Illustrated account of methods used by the 
Los Angeles Railway. 

Van Hoox, L. N. Ventilation of Automatic Substations. Elec. 
Trac., v. 21, p. 485-488. Sept., 1925. A consideration of 
the subject in general, including results of tests conducted 
on St. Louis stations. 

Wenstey, R. J. Centralized Supervision of Automatic Sub- 
station System. Elec. Wlid., v. 86, p. 1259-60. Dec. 19, 


Witson, G. P. Automatic Substations in Steel Mills. Elec. 
Jour., v. 22, p. 429-431. Sept., 1925. W.. Soc. Engrs. 
Jour., v.30, p. 275-82. June, 1925. 

Wintner, L. Automatic Substations of the Long Island Lighting 
Company. G. E. Rev., v.28, p.171-75. Mar., 1925. 

Anonymous. Automatic Hydroelectric Generating Station. 
Elec. Wid., v. 85, p. 373. Aug. 22, 1925. : 

Automatic or Semi-automatic Substations and the Semi- 
automatic Substation at Sévres. (In French.) Génie 
Civil, v. 87, p. 509-514. Dee. 12, 1925. Review the 
general characteristics of the automatic and semi- 
automatic railway substation and gives a detailed 
description of the substation at Sévres, France. 

Demonstration of Supervisory Control Apparatus. Met.- 
Vick. Gaz., v. 9, p. 102-07. Nov., 1925. 

Motor Converter for Automatic Substation. Elec. Engr. 
of Aust. & N. Z., v. 2, p. 274-77. Oct., 1925. 

Papers on Automatic Substations. A.I. E. E. Jour., v. 
44, p. 273-70. March, 1925. Discussion of papers by 
various authors published in the 1924 issues of the 
A. I. E. E. Journat. 

Remote Control Hydroelectric Plant Operates on Old 
Canals of Holyoke. Power, v. 62, p. 330-32. Sept. 
1, 1925. Brief deseription of a plant of the Holyoke 
Water Power Co. ; aah 

Supervisory Control and Indication. Elec. Wld., v. 86, 
p. 857. Oct. 24, 1925. 

Supervisory Controlled Automatic Substation for Welling- 
ton, N. Z. Engng., Lond., v. 120, p. 494-95. Oct. 
16, 1925. Elec. Rev., Lond., v. 97, p. 621-23, 646-47. 
Oet. 16-23, 1925. Engr., Lond., v. 140, p. 412-13. 
Oct. 16, 1925. Illustrated description of Met.-Vick. 
equipment. 

1924 

A.E.R.E.A. Committee on Power Generation and Conversion 
Report. Am. Elec. Rwy. Ass’n., Proc., p. 582. 1924. 
Includes considerable material on the automatic station. 

ALLIEAUME. Protection of Railway Substation. (In French.) 
Ind. des Tram., v. 18, p. 190-92. June, 1924. Short de- 
scription of circuit breaker equipment for use in automatic 
substations. 

Ampunt, F. F. Automatic Railway Substations in Canada. 
World Power Conference, London, Trans., v. 4, p. 179-98. 
1924. 

Anprus, R. J. Great Work Hydroelecirie Plant has Original 
Design. Elec. Wld., v. 84, p. 305-07. Aug. 16, 1924. 


Oet. 1928 


In this 625-ky-a. automatic station of the Berwick and 
Sallmon Falls Company, the dam-bridge and building form 
one structure. 

Bany, H. Automatic Edison Substation. A. I. E. E. Jour., 
y. 43, p. 1145-46. Dee., 1924. Brief synopsis. Describes 
a two-unit automatic station which supplies power to a 3 
wire, 250-volt, d-e. Edison net work. 

Bourcuer, C. A. Automatic Substations for Supplying 1500 
Volts Direct Current to Suburban Railways. A. I. E. E. 
Jour., v. 43, p. 622-626, July, 1924. Disc., A. I. E. E. Jour., 
v. 44, p. 263-270. Mar., 1925. 

Denny, R. C. Load Control in Automatic Hydroelectric 
Generating Stations. Power, v. 59, p. 716-17. May 6, 
1924. 

DotovxHanorr, M. and Rarnau, A. Automatic Regulation of 
Power of a Generating Station. (In French.) Comptes 
Rendus, v. 179, p. 1263-65. Dec. 1, 1924. Sci. Abst. Sec. B, 
vy. 28, p. 219, 1925. 

Foxupa, M. and Sato, T. On the Automatic Hydraulic Power 
Station. Inst. Elec. Engrs. of Japan, Jour., p. 406-26. 
Apr., 1924. Illustrated description of station No. 4 of 
Toho Electric Power Company, Japan. 

GeneRAL Evectric Co. Automatic Station Control Equip- 
ment. 1924. Schenectady. N. Y., Bulletin No. 47731. 
An earlier edition of this bulletin, bearing the No. 47730-A, 
contains a bibliography on this subject for the period 1921- 
1919. 

GENERAL Evectrric Co. Supervisory System-Distributor Type 
1924. Schenectady, N. Y., Bulletin No. 47742-B. 

GpNERAL EvLectric Co. Supervisory System-Selector Type. 
1924. Schenectady, N. Y. Bulletin No. 47741-B. 

Kastner, Fr. Switches and Safety Devices for Automatic 
Operation of Rotary Converters with Induction Starting 
Characteristics. (In German.) F#. 7. Z., Special number, 
p. 18-19. Aug. 28, 1924. 

LicutenBEeRG, C. Automatic Electric Stations for Steel Mills. 
Iron & Steel Engr., v. 1, p. 252-56. May, 1924. 

Licutensere, C. Automatic Station Equipment for Industrial 
and Power Systems. G. E. Rev., v. 27, p. 394-403. 1924. 
A.I. E. E. Jour., v. 48, p. 411-15. May,1924. Condensed. 
Coal Age, v. 25, p. 912-15. June 19, 1924. Condensed. 
Illustrated description of the various kinds of apparatus 
used. 

Liston, J. Some Developments in the Electrical Industry 
during 1923. G. E. Rev., v. 27, p. 17-21. Jan., 1924. 
Nat, D. H. Experience with Automatic Substations. lec. 
Rwy. Jour., v. 64, p. 888. Nov. 22, 1924. Abstract of a 
paper before the Iowa Electric Railway Association. Pre- 
sents operating results for plants of the Des Moines City 

Railway. 

Nationa Exsecrric Licur Association. Report of the 
Electrical Apparatus Committee, 1924. The Association, 
N. Y. Includes considerable material on the automatic 
station. Similar reports for other years will be found in the 
Proceedings of the Association. 

Picker, G. Automatic Voltage Regulation in Small Central 
Stations. (In Italian.) lettrotecnica, v. 11, p. 660-64. 
Sept. 15,1924. Sci. Abstr., Sec. B, v. 28, p. 80, 1925. 

Prace, C.W. Application of Automatic Substations to Central 
Stations Service in Metropolitan Districts. A. I. E. E. 
Jour., v. 43, p. 634-41. July, 1924. Discussion, v. 44, 

; p. 263-70. Mar., 1925. 

Pustow, C.F. Automatic Generating Stations Near Cambell- 
ford, Ontario-Central Ontario System. Bul. of Hyd. Power 
Com. of Ontario, v. 11, p. 364-69. Sept., 1924. 

Pustow, C. F. Ontario Power Plant with Remote Control. 
Elec. News, v. 33, p. 56-58. Dec. 1, 1924. Description of 
the automatic plants at dams Nos. 8 and 9 of the Trent 

- Valley Canal System. 
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Sargeant, C. J. and Rizey, T. N. Supervising Systems for 
Remote Control of Unattended Substations. Elec. Rev., 
Lond., v.95, p. 8-9. July 4, 1924. 

Scunett, C. E. Automatic Alternating-Current Substation. 
Elec. Wid., v. 83, p. 279-81. Feb. 9, 1924. Describes a 
San Joaquin Light & Power Corporation station at Fresno, 
Cal. 

SHarer, C. Hydro Station Receives Attention Once a Month. 
Power Pl. Engng., v. 28, p. 705. July 1, 1924. 

Smit, D. L. Supervisory Controlled Substation on Chicago 
Elevated. Elec. Rwy. Jour., v. 64, p. 795-98. Nov. 8, 
1924. 

Soruen, C. E. H., von Application of Automatie Control to 
Mine Substations. A. I. E. E. Jour., v. 43, p. 729-35. 
Aug., 1924. Discussion, v. 44, p. 72-73. Jan., 1925. 

Soruen, C. E. H. von. Application of Automatic Control to 
Mine Substations. Coal Industry, v. 7, p. 143-49. Apr., 
1924. 

Strerr, P. v. p. Automatic Converter Station. EH. T. Z., v. 
45, p. 361-64. Apr. 17, 1924. Illustrated description of a 
Voight and Haeffner automatic substation which has been 
operating in Germany since 1910. 

Strirz1, von Automatic Converter. Stations for Railway. 
(In German.) £. T. Z., v. 45, p. 153-54. Feb. 28, 1924. 
Brief explanations of the reason why automatic substations 
are not used as generally in Europe as in America. 


_ Turuey, L. J. Progress in Noiseless Substation Design. lec. 


Rwy. Jour., v. 63, p. 645-51. Apr: 26, 1924. Well illus- 
trated account of the construction of sound proofed auto- 
matic substations of the Los Angeles Railway. 


Wagener, E. B. Motor-Generator Sets in Two Substations 
Operated in Parallel and Controlled from Surface. Coal 
Age, v. 25, p. 593-98. Apr. 24, 1924. Illustrated deserip- 
tion of two semi-automatic substations at a colliery. 


Watuau, H. L. Cleveland Heights Substation of the Cleveland 
Electric Illuminating Company. A. I. E. E. Jour., v. 43, 
p. 553-56. June, 1924. Discussion, v. 44, p. 263-70. 
Mar., 1925. 

Wens.tey, R. F. Automatic Substations. 
v.1,p.1-8. Jan., 1924. 


Wenstey, R. J. Automatic Substations for Edgar Thomson 
Works of the Carnegie Steel Company. Elec. Jour., v. 21, 
p. 409-10. Sept., 1924. 

WeEnsteEy, R.J. Present Practise in the Automatie Operation of 
Hydroelectric Generating Stations. A. I. E. E. Jour., 
vy. 43- p. 508-13. June, 1924. Power, v. 59, p. 1046-57. 
June 24, 1924.. Abstract. 

Wuirsit, L. A. 7,300-kva. Automatic Hydro Station. Elec. 
Wld., v. 83, p. 1319-22; v. 84, p. 111-14. June 28, July 19, 
1924. Sprite Creek development of the Adirondack Power 
& Light Company. 

Wyatt, F. D. Operating Experience with Automatic Equip- 
ment on an Edison System. A. I. E. E. Jour., v. 43, p. 
1148. Dec., 1924. Brief synopsis. Gives the experience 
with the automatic equipment in Cincinnati. 

Anonymous. Automatic Substations at Manchester. Elec. 
Rev., Lond., v. 95, p. 456-58. 519-20. Sept. 26,—Oct. 3, 
1924. Illustrated description of British Thomson-Houston 
equipment in an English plant. 

Automatic Substation for the Hendon-Edgeware Exten- 
sion Railway. Engng. Lond., v. 118, p. 227-28, 230. 
Aug. 15, 1924. Engr., Lond., v. 138, p. 216-18. Aug. 
22,1924. Elec. Rev., Lond., v. 95, p. 280-82. Aug. 22, 
1924. Elec’n., Lond., v. 93, p. 203-04. Aug. 22, 1924. 

Automatic Substations on the Victorian Government 
Railways, Australia. Rwy. Gaz., v. 40, p. 771-73. 
May 30, 1924. Illustrated description of equipments, 
both single-unit and two-unit, which have been de- 
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signed to meet conditions at smaller and out-lying 
feeder stations. 

Automatic Substations; Some Advantages. 
Lond., v. 93, p. 440-41. Oct. 17, 1924. 

B. T. H. Automatic Substation Equipment at the British 
Empire Exhibition. Engng., Lond., v. 118, p. 13-14. 
July 4, 1924. 

Electrical Engineering Exhibits. Hngr., Lond., v. 137, 
p. 707-11. June 27, 1924. [Illustrated description of 
Metropolitan Vickers displays at the British Empire 
Exhibition. Confined chiefly to an account of auto- 
matic substation equipment. 

500-kilowatt Automatic Substation. Hngr., Lond., v. 
138, p. 590-91. Nov. 21, 1924. Illustrated descrip- 
tion of British Thomson-Houston equipment. 

First Automatic Traction Substation. Elec’n., Lond., 
v. 93, p. 203-04. Aug. 22, 1924. For the London 
Electric Railway. Includes equipment manufacturing 
by the British Thomson-Houston Co. 

First Radio-controlled Substation. Elec. Wlid., v. 84, 
p. 479. Sept. 6, 1924. 

How the Indianapolis & Cincinnati Line was Rehabili- 
tated. Elec. Ry. Jour., v. 64, p. 163-66. Aug. 2, 1924. 

Hydro Developments near Cambellford. Can. Engr., 
v. 47, p. 465-67. Oct. 29, 1924. 

New Automatic Substation for Vancouver. 


Elec’ n., 


Elec. Trac., 


v. 20, p. 145-46. Mar., 1924. Short description of the . 


Bodwell substation of the British Columbia Electric 
Railway. 

New Features of St. Louis Automatic. Elec. Rwy. Jour., 
v. 63, p. 249-52. Feb. 16, 1924. Elec. Trac., v. 20, 
p. 53-58. Feb., 1924. 

Peebles-Reyrolle Automatic Substation. Hngng., Lond., 
v. 118, p. 323-27. Sept. 5, 1924. Illustrated descrip- 
tion of an English type equipment shown at the British 
Empire Exhibition. 


Résumé of the Year’s Progress in Power Station Work. 


A. I. E. E. Jour., v. 43, p. 840-. Sept., 1924. Auto- 
matic equipment, p. 857. 

Semi-automatic Substation at Concord. Elec. Rwy. 
Jour., v. 33, p. 321-23. Mar. 1, 1924. Short de- 
scription of an installation of the Concord Electric 
Railways, Concord, N. H. 

Simplified Automatic Substation Equipment. Elec. Rev., 
v. 95, p. 606-07. Oct. 24, 1924. Short article illus- 
trating and describing equipment made in England by 
A. Reyrolle & Co., Ltd. and by Bruce Peebles & Co., 
Ltd. 

Substation Control Systems. 
p. 715, Nov. 7, 1924. 


Elec. Rev., Lond., v. 95, 


1923 
Bautz, L. D. Automatic Substation Experience in Cleveland. 
Elec. Rwy. Jour., v. 61, p. 359-64, 405-08, 477-80. Mar. 
3-17, 1923. : 
Batz, L. D. Diseussion of Applications and Economics of 
Automatic Railways Substations. A. I. E. E. Jour., v. 42, 
p. 439-44. May, 1923. 


Benton, L. C. Automatic Substation Equipments. Met.- 
Vick. Gaz., v. 7, p. 376-81. Oct., 1923. Illustrated. 
BusxH, C. R. Peoria’s Automatic Substation. lec. Wid., v. 


82, p. 279-83. Aug. 11, 1923. Illustrated description of 


the Central Illinois Light Company’s stations near Peoria, 
Til. 


Burcuer, C. A. Automatic and Semi-automatic Substations 
for Electric Railways. Elec. Rwy. Jour., v. 61, p. 173-74. 
Jan. 27, 1923. 


Couns, E. B. Full-Automatic Hydro-electrie Station. Elec. 
Wid., v. 81, p. 1143-47. May 19, 1923. Description of a 
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— 


Transactions A. I. EB. E. 


5000-kv-a. plant installed by the New England Power Co., 
at Searsbury, Vt. 

Davis, C. M. Automatic Substation in the Railway Industry. 
Aera, v. 12, p. 419-26. Oct., 1923. Non-technical account. 

Davis, C. M. Full and Semi-automatic Versus Manually 
Operated Substations for Electric Railways. G. EH. Rev., 
v. 26, p. 235-88. Apr., 1923. 

Denny, R.C. Economies Effected by Installation of Automatic 
Generating Plants. Jour. Elec. & West. Ind., v. 50, p. 
435-38. June 1, 1923. 

Fowter, 8S. H. Northern Texas has New Interurban. 
Rwy. Jour., v. 61, p. 591-96. Apr. 7, 1923. 
brief description of the automatic substations. 

Grant, L. C. Automatic Substations. EHlec’n. Lond., v. 90, 
p. 415-17. Apr. 20, 1923. Continuation of an article in 
the Oct. 27, 1922, issue, p. 471-72. Serial. 

Hart, R. P.. Remote Control made Possible 
Development of Small Water Power. Power, v. 57, p. 
162-65. Jan. 30, 1923. Illustrated description of a small 
automatic hydroelectric plant near Cazenvira, N. Y. 

Hoyt, H. C. Development of Automatic Control. G. EH. Rev., 
v. 26, p. 445-50. June, 1923. 

Jounston, R. A. Automatic Service Restoring Switchhouses 
Solve Distribution Troubles. Elec. Lt. & Pr., v. 1, p. 24- 
26, Nov., 1923. 

Levy, C. Pneumatically-operated Automatic Substations. 
Elec. Jour., v. 20, p. 380-84. Oct., 1923. Illustrated de- 
scription of equipment and its mode of operation. 

LIcHTENBERG, C. Size of Automatic Stations. Hlec. Wlid., 
v. 81, p.44. Jan. 6, 1923. 

Liston, J. Some Developments in the Electrical Industry. 
G. E. Rev., v. 26, p. 15-19. Jan., 1923. 

Lorreuvre. Rural: Cooperative Power Association and the 
Utilization of Small Hydroelectric Powers. (In French.) 
Soc. Fr. des Elec. Bul., v. 3, p. 307-18. July, 1923. Advo- 
cates the use of automatic standby hydraulic plants 
equipped with induction generators. 

McCoy, J. L. Remote Supervisory Control. 
20,.p. 69-72. Feb., 1923. 

Mipptremis, G. H. Automatic Switch-reclosing Apparatus. 
Elec. Wid., v. 81, p. 1150-52. May 19, 1923. Apparatus 
developed by the Alabama Power Co. 

Mort, 8. B. Two-unit Automatic Hydroelectric Plant Installed 
on Site of Old Mill, Power, v. 57, p. 369-70. Mar. 6, 1923. 

Reacan, M. E. Automatic Feeder Control Prevents Service 
Interruptions. Elec. Rwy. Jour., v. 62, p. 935-87. Dee. 1, 
1923. A combination of automatic substation and special 
automatic feeder operation on the Cleveland railway lines. 

Reaaan, M. E. Supervisory Control of Automatic Hydroelec- 
tric Generating Station. Elec. Lt. & Pr., v. 1, p. 28-29, 79. 
Oct., 1923. 

Rerngoup, R. Automatic Substations Success in St. Paul. 
Elec. Wld., v. 81, p. 87-90. Jan. 13, 1923. 


Rosinson, P. J. Maintenance of Voltage on.a D-C. Distribu- 
tion System by Means of a Fully Automatie Substation. 
I. HE. E. Jour., v. 61, p. 417-38. Apr., 1923. Hlec’n., Lond., 
v. 90, p. 187-38. Feb. 9, 1923. Abstract. Describes an 
installation in Liverpool, England, operating a three-wire 
system. 

Rosnatsz, P. Automatic Electric Plants. (In Italian). Elei- 
trotecnica, v. 10, p. 722-27. Oct. 25, 1923. Deseribes auto- 
matie substations installed in Italy by Brown Boveri and 
Company. 

-Ross, T. W. and Rypger, C. Application and Maintenance of 
Automatic Substations.. Met.-Vick. Gaz., v. 7, p. 406-09. 
Nov., 1923. ; 

Rusumorge, D. B. and Lor, E. A. Hydroelectric Power Sta- 


tions. 1923. Wiley. .Automatiec generating stations, p. 
619-23. 


Elec. 
Includes a 


Economical 


Elec. Jour., v. 


— Oct. 1928 


Sexurowicz, L. Automatic Substation. 
des Tram., v.17, p. 113-34. Apr., 1923. 

Sornen, C. E. H. von. Automatic Hydraulic Plant. Power 
Pl. Engng., v. 27, p. 88-89. Jan. 1, 1923. Small plant at 
Newton Falls. 

Soren, C. H.H. von. Automatic Substations in Mine Service. 
Elec. Wid., v. 81, p. 1453-56. June 23, 1923. ‘Field of 
application and economic comparisons with manual 
operation.” 

STaurracHeEer, EK. R. and Crinwaxtp, G. Automatic Plants Aid 
Western Power Development. Elec. Wid., v. 81, p. 1257- 
59. June 2, 1925. Short account of semi-automatic equip- 
ment in plants of the Southern California Edison Co. 

Waker, F. Automatic Substations. Met.-Vick. Gaz., v. 7, 
p. 330-336, Aug. 1923. General description of equipment, 
with illustrations. 

Wenstpy, R. J. Control and Checking System for Automatic 
Stations. Elec. Wlid., v. 82, p. 1062-64. Nov. 24, 1923. 
Deseribes apparatus for use of system-dispatcher in con- 
trolling distant automatic generating stations and sub- 
stations. 

Wenstey, R. J. and Newmnyer, W. L. Automatic Synchro- 
nous Condenser Station. FHlec. Wid., v. 82, p. 373-76. Aug. 
25,1923, 

Wuirtine, M. A. Automatic Balancer Substation for Elevator 
Service. Power, v. 57, p. 475-78. Mar. 27, 1923. De- 


(In French.) Ind. 


seription of an installation in the Standard Oil Bldg., New _ 


York City. 

Witson, G. P. Direct-current Automatic Substation as a 
Labor-saving Device for Steel Mills. lec. Jour., v. 20, 
p. 337-39. Sept., 1923. 

Woutrine, H. E. Remote Controlled Alternating Current Dis- 
tribution Substations. Elec. Light & Power, v. 1, p. 21, 
58-60, 62-63. Feb., 1923. 

Wyss, L. W. Automatic Operation of Hydroelectric Plants. 
Elec. Wld., v. 81, p. 694. Mar. 24, 1923. 

Anonymous. Auto Reclosing Switches at Remote Substations. 
Elec. Wld., v. 81, p. 923. Apr. 21, 1923. 

Automatic Outdoor Station for Small Power Installations. 
Power, v. 57, p. 854. May 29, 1923. 

Automatic Mereury-vapor Rectifiers. Elec. Rev., Lond., 
v. 92, p. 684-86. May 4, 1923. Brown Boveri equip- 
ment in Birmingham, England. 

Automatic Substation at Diegten (near Basle). Brown 
Boveri Rev., v. 10, p. 34-86. Feb., 1928. Short de- 
scription of a Swiss substation. 

Automatie Substations and Duty Cycle of Oil Circuit 
Breakers. Elec. Wlid., v. 81, p. 1863-65. June 9, 
1923. From a report of the NELA Electrical Appara- 
tus Committee. 

Comparative Cost Data for A-c. Substations. Elec. Wld., 
yv. 81, p. 46, Jan. 6, 1923. Compares automatic and 
manually operated substations. 

Cost of Automatic Hydro Plant at Searsburg. lec. Wid., 
v. 82, p. 764. Oct. 18, 1923. 

Avromatic. Distant-controlled, Non-overloadable, Semi-auto- 
matic Substation. Elec. Rwy. Jour., v. 61, p. 873-78. May 
26, 1923. Illustrated description of a New York Central 
substation near the Grand Central Terminal. New York. 

Economies of I & C Re-equipment. Elec. Rwy. Jour., 
v. 61, p. 913-17. June 2, 1923. Indianapolis & Cin- 
cinnati Traction Co. to be changed over to d-c. opera- 
tion; improved car design and progress in automatic 
substation development are major factors in justifying 
change. : 

Favorable Test Results on Automatic Substation. lec. 
Wid., v. 81, p. 460. Feb. 24. 1923. Short account of a 
Union Elec. Lt. and Power Co. installation in St. Louis. 

Hydroelectric Plant Runs without Attendants. Pop. 
Mech., v. 39, p. 874. June, 1923. 
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Largest Automatic Hydroelectric Station. Power, v. 57, 
p. 789. May 22, 1923. N. E. Power Co. station at 
Searsburg, Vt. ‘ 

Mechanisms that Think—or Seem to do so—the Auto- 
matic Electric Station. J. G. E. Digest, v. 3, p. 9-13. 
Oct., 1923. 

Out-door Substation at Hautervive; a Swiss Installation. 
Elec. Rev. (Lond.) v. 92, p. 84-86. Jan. 19, 1923. 

Report of the A. E. R. E. A. Committee on Automatic 
Substations. Elec. Rwy. Jour., v. 62, p. 654-56. Oct. 
13, 1923. 

Station Operated Automatically. Power Pl. Engng., 
v. 27, p. 403-07. Apr. 15, 1923. Illustrated deserip- 
tion of the New England Power Company’s 5000-kv-a. 
automatic hydroelectric station at Wilmington, Vt. 

Anau, R. Automatic Hydroelectric Induction ‘Generating 
Plant as Designed by the Valzoni-Parenti Company. (In 
Italian.) Hlettrotecnica, v. 9, p. 397-400. June 25, 1922. 

Baker, C. E. Noiseless Automatic Substation for Los Angeles 
Railway. G. H. Rev., v. 25, p. 607-10. Oct., 1922. Gar- 
vanza substation. 

Bertis, A. EK. and Puacze, C. W. Automatie Control of A-C. 
Distribution. Elec. Wid., v. 80, p. 1151-54. Nov. 25, 1922. 
Illustrated description of the Kansas City Power & Light 
Company’s automatic substation. 

Boutcuer, C. A. How Resistance is Used in Railway Automatic 
Substations. Elec. Rwy. Jour., v. 70, p. 227-230. Aug. 12, 
1922. 

CampBELL, Guo. E. Noiseless Automatic Substation for Los 
Angeles Railway. Elec. Rwy. Jour., v. 60, p. 37-38. July 8, 
1922. 

Cuartock, R. A. Substation Equipment Including Automatic 
Control. Elec. Rev., Lond., v. 91, p. 63-64; 78-79. July 21, 
1922. Elec’n., Lond., v. 88, p. 794-96. June 30, 1922. 

Creceuius, L. P. and Putiniips, V. B. Economies of Direct 
Current Railway Distributions, with Particular Reference 
to the Automatic Substation. A. I. E. E. Jour., v. 41, p. 
363-78. May, 1922. Discussion, v. 41, p. 952-58. Dee. 
1922. 

Cup, F. R. Use and Operation of Automatic Hydroelectric 
Stations. Power, v. 56, p. 520-22. Oct. 3, 1922. 

Funrter, C.J. Automatic Substation for Control of Synchro- 
nous Converters. Coal Industry, v. 8, p. 463-66. Nov., 1922. 
Substation at Frostburg, Md., of Consolidation Coal Co. 

Hatcu, P. M. Remote Control Station for Auxiliary Service. 
Elec. Wid., v. 80, p. 490. Sept. 2, 1922. 

Hecker, H. G. Automatic Railway Substation Economies. 
Elec. Trac., v. 18, p. 148, 150, 152. Feb., 1922. 
Howarp, W.J. Economy in Substation Construction. 

(Lond.) v. 89, p. 290-91. Sept. 15, 1922. 

Lissy, D., Jr. Automatic Hydroelectric Generating Stations. 

Engng. & Contrng., v. 57, p. 45-46. Jan. 11, 1922. 


Elec’n. 


LicutenserG, C. Automatic Stations Represents Distinct 
Advance in Distribution. Elec. Wid., v. 79, p. 683, Apr. 8, 
1922. 


Lincotn, E.S. Remote Control for Small Plants. Elec. Wid., 
v. 80, p. 1201-04. Dee. 2, 1922. How parallel operation of 
two small hydraulie plants was made possible. 

Meity, R. P: Substation Layout of an Ohio Railway. Elec. 
Rwy. Jour., v. 60, p. 153-55. July 29, 1922. Short de- 
scription of automatic substations of the Columbus, Del- 
aware and Marion Elec. Co. 

Minian, W. H. Features of St. Louis Automatic Substation. 
Elec. Wid., v. 80, p. 817-820. Oct. 14, 1922. Illustrated 
description of the Kingsbury Boulevard automatic sub- 
station of the Union Electric Light and Power Co., St. Louis. 

Osrranper, I. K. Automatic and Remote Controlled Substa- 
tions as Applied to Steel Mills. Assoc. Ir. & St. Elec. 
Engrs., v. 4, p. 8365-95. 1922. 
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Pautn, L.A.H. Automatic Substation. (InFrench.) L’Elec- 
icien, v. 53, p. 553-59. Dee. 15, 1922. American prac- 
Se also Brown Boveri equipments. 
1922 


Parsons, A. T. Remotely Controlled Generating Stations. 
Jour. Elec. & West. Ind., v. 49, p. 203-05. Sept. 15, 1922. 
Short description of two small automatic hydroelectric 
plants of the Ontario Power Co. near Los Angeles, Cal. 

Purinton, R. B. Automatic Plant Replaces Cable Drive. 
Elec. Wld., v. 80, p. 977-79. Nov. 4, 1922. Illustrated 
description of the hydroelectric plant of the Fairbury Mill 
& Elevator Co., Fairbury, Neb. 

Ranvoupn, H. F. and Soruen, C. E. H. von. Two-unit Auto- 
matic Mine Substation Erected to Improve Service and 
Reduce Mining Cost. Coal Age, v. 22, p. 244-46. Aug. 17, 
1922. Illustrated description of a surface substation. 


Reacen, M. E. Automatic Control of Mine Substations. 
Coal Industry, v. 5, p. 271-75. July, 1922. 
Sexvurowicz, L. Automatic Substations. 1922. Brussels. 


(In French.) A report made to the 18th Congrés Inter- 
national de Tramways, de Chemins de Fer d’Intéret Local 
et de Transports Publics Automobiles. 1922. 

Sotuen, C. E. H. von. Hoists that Accelerate, Allow Them- 
selves Down or Work Unattended and Substations Needing 
no Attendant. Coal Age, vy. 22, p. 537-40. Oct. 5, 1922. 


Tueiin, V. E. Simplified Automatic Substation Control. 
Elec. Trac., v. 18, p. 340, 342-44, 346, 348, 350. Apr., 1922. 
Describes equipment used by the Hammond Whiting and 
East Chicago Railway of Indiana. 

VEpovELu. Automatic Substation. (In French.) 
des. Elec. Bul., Ser. 4, v. 2, p. 58-61. Jan., 1922. 

Wacnez, E. B. Protective Devices so Safeguard Coal-mine 
Substation at Drifton that it Needs no Attendant. Coal 
Age, v.21, p. 6-8. Jan. 5, 1922. 

Anonymots. Automatic Hydroelectric Generating Station. 
Power, v. 55, p. 900, June 6, 1922. 

Automatic Station with an Adaptation of Printing Tele- 
graph Apparatus as Supervisory Control System. 
Elec. W1d., v.79, p. 435. Mar. 4, 1922. 

Automatic Substation in American Coal Mines. Pop. 
Mech., v. 37, p. 264-65. Feb., 1922. 

Automatic Substation Practise at Concord, N. H. Elec. 
Rwy. Jour., v. 59, p. 184-85. Feb.4,1922. Illustrated 
description of Concord Electric Railways automatic 
substation equipment. 

Breaker Rating and Automatie Substation Attract 
Special Attention. Elec. Wld., v.79, p. 1028-30. May 
20, 1922. Summary of some of the features of a report 
of the Elec. Apparatus Committee of the N. E. L. A. 

How Resistance is Used in Railway Automatic Substation. 
Elec. Rwy. Jour., vy. 59, p. 997-99. June 24, 1922. 
Gives the view of several engineers on the question of 
using resistance in the machine circuit, or in feeder 
circuits or in both. 

Liverpool Electricity and Tramway Undertakings; 
Recent Developments; Automatie Substation. Elec. 
Rev., Lond., v. 91, p. 906-09, Dee. 15, 1922. 

Manner of Operating Electrical Apparatus in the Auto- 
matie Substation at Van Lear, Ky. Coal Age, v. 22, 
p. 441-46. Sept. 21, 1922. Deseription of Consolida- 
tion Coal Co. installation. 

Novel Method of Control for Automatic Hydroelectric 
Station; Johnson Falls Development. Power PI. 
Engng., ¥. 26, p. 758-59. Aug. 1, 1922. Engng., Lond., 
vy. 114, p. 176. Aug. 11, 1922. Engng. News-Rec., 
v. 89, p. 228. Aug. 10, 1922. 

Remotely-controlled Substations; the Maidstone Exam- 
ple. Elec. Rev., Lond., vy. 91, p. 333-34. Sept. 8, 1922. 


Soc. Fr. 
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1921 


Bearce,W.D. Electric Railway Progressin 1920. Elec. Trac., 
y. 17, p. 13-14. Jan., 1921. Includes a se of the auto- 
matic substation development. 

Beur, T. A. E. Automatic Hydroelectric Plants for Power and 
Lighting. Elec. Rev., Chgo., v. S p- hie Mar. 20, 
1921. 

Ber, T. A. E. Operating Results of a 1 ino Lee Automatic 
Hydro Station. Elec. Wld., v. 77, p. 1235-37. May 28, 
1921. Short article howie results obtained at the Cedar 
Rapids plant of the Iowa Railway and Light Co. 

Bricur, C. Mine Substation Operates Automatically. 
Wld., v. 77, p. 817-19. Apr. 9, 1921. 

Bricut, G. Nanty Glo has First Coal Mine Station Equipped 
to Run without Attendant. Coal Age, v. 19, p. 613-17. 
Apr. 7, 1921. 

Burcuer, C. A. Automatic Substation Progress. Elec. Rwy. 
Jour., v. 58, p. 56-61. July 9, 1921. 

Cuatveau, L. CHauveau Automatic Switch for Remote Con- 


Elec. 


troland signaling. (In French.) Revue Gén. del Elec., v. 10, 
p-. 953-57. Dee. 31, 1921. 


Davis, C. M. Automatic Railway Substation. 
Technic, v. 33, p- 183-90. Jan., 1921. - 

Davis, C. M. Efficiency and Operating Tests of the North 
Shore Automatic Substations. G. FE. Rev., v. 24, p. 613-19. 
July, 1921. Includes tables of test data. 

Ettyson, D. W. Automatic Control of Synchronous Condens- 
ers. Elec. Rec., Chgo., v. 79, p. 843-46. Dee. 3, 1921. 
Hazel Green, Wis., station of the Interstate Light & Power 
Company. 

Git, C. M. Automatic Plant Permits Development of Small 
Power Site. Elec. Wld., v.78, p. 1213-1214. Dee. 17, 1921. 

‘ Short illustrated description of a G-E equipped automatic 
hydroelectric plant of the Holyoke Water Power Company, 
Mass. 

Git, C. M. Automatic Substation Justifies its Use for Low 
Load Densities. Elec. Wid., v. 78, p. 309-11. Aug. 13, 
1921. 

Jounson, S. E. Brief Review of Automatic Substation Experi- 
ence on the Aurora, Elgin & Chicago R. R. G-. HE. Rev., 
vy. 24, p. 610-12. July, 1921. 


Michigan 


Jones, C. H. Advantages of Automatic Railway Substations. 


Elec. Rwy. Jour., v: 57, p- 175-76. Jan. 22, 1921. 

Jones, C. H. Checking up on Automatic Substation. Elec. 
Rwy. Jour., v. 57, p- 595-99. Mar. 26,1921. Abstract of a 
paper in which results of tests on the equipment of the 
Chicago, North Shore & Milwaukee Railroad was presented. 

Jones, C. H. 
Chicago, North Shore & Milwaukee Railroad. G. E. Rev., 
y. 24, p. 601-10. July, 1921. Illustrates equipment and 
presents operating statistics. 

Jones, N. Automatic Substation at Christ Church, New Zea- 
land. G. E. Rev., v. 24, p. 1010-13. Dee., 1921. 

LicutenzerG, C. Operating Features of Automatic Switching 
Equipment. Elec. Rev., Chicago, v. 78, p. 963-66. June 
18, 1921. 

Marcaanp, H. Working Conditions of an Automatic Substa- 
tion. (In French.) L’Ind. Elec., v. 30, p. 225-29. June 
25, 1921. A thorough investigation has shown that stray 
currents and their electrolytic action are considerably 
decreased. 

Puinurrs,1.W. Adapting a Small Hydroelectric Plant to Semi- 
automatic Operation. Elec. Wid., v. 78, p. 1179. Dee. 
10, 1921. 

Sueparp, E. R. Automatic Substation in Electrolysis Miti- 
gation. Elec. Rwy. Jour., v. 57, p. 805-08. Apr. 30, 1921. 
Results of special investigation at Des Moines, Iowa, by 
the Bureau of Standards seem to indicate a reduction of 
stray currents. 


Results of Automatic Substation Operation onthe | 


a 


. Oct. 1928 


SraurracuEr, E. R. and Cuinawaup, G. Semi-automatic 
Operation Economical in Small Hydro Stations. lec. 
Wld., v. 78, p. 213-16. July 30, 1921. Conversion to the 
semi-automatic system has saved the Southern California 
Edison Co. about 45 per cent in a particular station. 

SurHpritanpD, H.C. Automatic Substation for Toronto Trans- 
portation Commission. Elec. News, v.30, p. 46-38. July 1, 
1921. Contract Record, v. 35, p. 663-65. July 13, 1921. 

Wenstey, R. J. Automatic Substations Entering Electric 
Service Field. Elec. Wid., v. 78, p. 14-15. July 2, 1921. 

Wenstny, R. J. Automatic Substations Save Labor, Act 
Prompt and Insure Equipment Against Roasting. Coal 
Age, v. 20, p. 407-09. Sept. 15, 1921. 

Wensiey, R. J. Manual Versus Automatic Starting of Rotary 
Converters. Power, v. 54, p. 553-55. Oct. 11, 1921. 

Wairtine, M. A. and Sorurn, C. E. H. von. Automatic Sub- 
station for Mining and Industrial Power Loads. G. E. Rev., 
v. 24, p. 494-95. June, 1921. 

Anonymous. Automatic Features of New Kern River Power 
Plant. Hngng. News-Rec., v. 87, p. 453. Sept. 15, 1921. 
Some details of the Kern Power plant No. 3 of the Southern 
California Edison Co. 

Automatic Substation for Light and Power Service. 
Elec. Rev., Chgo., v. 78, p. 155-156. Jan. 22, 1921. 

Automatic Substation in Switzerland. Elec. Rwy. Rev., 
v. 57, p. 681-83. Apr. 9, 1921. Illustrated descrip- 
tion of a BBC installation at Reihen, near Basel, 
Switzerland. 

Canadian Automatic Converter Substation. Engng., 
Lond., v. 112, p. 747-50. Dec. 2, 1921. Illustrated 
description of the Toronto hydroelectric system. 

Demonstration of an Automatic Coal Mine Substation. 
Elec. Rev., Chgo., v. 79, p. 913-15. Dec. 17, 1921. 
Short illustrated description of G-E equipped station 
of the Lehigh Valley Coal Company, Drifton, Pa. 

Installation and Maintenance of Automatic Substations. 
Elec. Jour., v. 18, p. 289-90. June, 1921. 

Kansas City to Use Automatie Control. 
Chicago, v. 78, p. 786-87. May 14, 1921. 
v.77, p. 1126. May 14, 1921. 

List of Automatic Substations Recently Installed. lec. 
Rwy. Jour., v. 57, p.176, Jan. 22, 1921. 

Modernizing Cincinnati Traction Power System. Elec. 
Rwy. Jour., v. 58, p. 1099-1108. . Dec. 24, 1921. 

New Field for Automatic Substation; Equipment Found 
Suitable for Commercial Service. Power Pl. Engng., 
v. 25, p. 469. May 1, 1921. . 

Outdoor Industrial Substation Designed for Continuity 
of Operation and Ease of Inspection. lec. Wld., v. 
78, p. 762. Oct. 15, 1921. 

Reliability of the Automatic Substation. 
Jour., v. 57, p. 804. Apr. 30, 1921. 

Report of the A. E. R. E. A. Committee on the Automatic 
Substation. lec. Rwy. Jour., v. 58, p. 6380-31. Oct. 
8, 1921. 

Single Phase Gives Way to the Automatic Substation on 
York Railways, Hanover, Pa. EHlec. Rwy. Jour., v. 
58, p. 5438-45. Oct. 1, 1921. 

Substation at Cordova Mine has Operated Two Years 
Without Attendant. Coal Age, v. 19, p. 861-63. May 
12, 1921. Illustrated description of equipment at 
Birmingham, Ala. 

What is a Truly Automatic Substation? 
19, p. 996. June 2, 1921. 


1920 
Bztr, T. A. E. Automatie Hydro-electrie Stations. lec. 
Wld., v. 75, p. 827-30. Apr. 10, 1920. Engng. & Contrng., 
y. 53, p. 547-48. May 12, 1920. Condensed. Elec’n., 
Lond., v. 86, p. 720-21. June 10,1921. Abstract. 


Elec. Rev., 
Elec. Wid., 


Elec. Rwy. 


Coal Age, v. 
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Butt, T. A. E. Development of Automatic Hydro-electric 
Generating Stations. Elec. Wld., v. 75, p. 477-79. Feb. 
28, 1920. 

Burton, J. J. Operating Small Hydro Plants without an 
Attendant. Hlec. Wid., v.76, p. 1075. Nov. 27, 1920. 

Burcumr, C. A. Applying the Automatic Substation. 
Ry. Jour., v. 55, p. 654. Mar. 27, 1920. 

CuamBers, F. C. Automatic Substation at Des Moines. 
Elec. Rwy. Jour., v. 55, p. 738-44. Apr. 10, 1920. In- 
cludes maps, photographs, and tabulated data. 

Davis, C. M. Modern Devices and Control for Automatic 
Railway Substations: G. EH. Rev., v. 23, p. 342-54. Apr., 
1920. 

Evans, W. H. Automatic Substation, Sacramento Northern 
Railroad. G. E. Rev., v. 23, p. 894-902. Nov.1920. Jour. 
Elec., v. 45, p. 1382-37. Aug. 1, 1920. Illustrated deserip- 
tion of a portable substation. 

Jacoss, H. M. Automatic Substations for Alternating Current 
Railway Signal Power Supply. G. E. Rev., v. 23, p. 902- 
08, 949-53. Nov.-Dec., 1920. Illustrated typical equip- 
ment and shows wiring diagrams. 

Lreonarp, 8. G. First Automatic Industrial Substation. Elec. 
Wid., v. 76, p- 417-20. Aug. 28, 1920. Description of 
equipment in the Packard Motor Car Company’s plant, 
Detroit. 

Nasu, EK. J. Second Year of Automatic Substation Operation at 
Butte. Elec. Rwy. Jour., v. 55, p. 202, Jan. 24, 1920. 
Psrters, F. W. Automatic Railway Substations. <A. I. E. E. 

Jour., v. 39, p. 267-74. Mar., 1920. 

Prinetr1, I. Automatic Substations. (In Italian.) Elet- 
trotecnica, v. 7, p. 622-25. Dec. 15, 1920. With diagrams 
of connections. 

Tatuant, C.H. Remotely Controlled Hydroelectric Synchro- 
nous Generators. Jour. Elec., v. 44, p. 432-33.. May 1, 1920. 
Ontario plant No. 2 of the Ontario Power Co., California. 

Wenstey, R. J. Automatic Substations Eliminate Labor 
Expense. Elec. Wid., v. 75, p. 187-38. Jan. 17, 1920. 

Wensiry, R. J. Automatic Substation Equipment for Indus- 
trial Plants. Elec. Rev., Chicago, v. 77, p. 789-93. Nov. 
20, 1920. Operation and performance features explained. 

Wenstey, R.J. Automatic Substations for Heavy City Service. 
A.I. E. E. Jour., v. 39, p. 359-64. Apr., 1920. 

Anonymous. Automatic Induction Generator Hydraulic Plant 
Operation. Elec. Rev., Chicago, v. 76, p. 78-79. Jan. 10, 
1920. 

Automatic Substations from an Economic Standpoint. 
Elec. Trac., v. 16, p. 350-52. May, 1920. 

Automatic Substations Discussed at Providence. 
Wid., v. 76, p. 799. Oct. 16, 1920. 

Automatic Substations for Use in Light and Power 
Service. Elec. Rev., v. 27, p. 283-85. May, 1920. 

Automatic Substations on the Pacifie Electric. 
Rwy. Jour., v. 55, p. 249-50. Jan. 31, 1920. 

Automatic Transformer Stations. (In French.) Revue 
BBC, v. 7, p. 279-87. Nov., 1920. Deseription of a 
B. B. C. installation at the Riehen station, Switzerland. 

Cleveland Railway Commissions its First Automatic 
Substation. Elec. Rwy. Jour., v. 56, p. 532-36. Sept. 
18, 1920. Two-unit Station at Cleveland Heights, 
Cleveland. 

Experience Show Economy of Automatic Operation. 
Elec. Wid., v. 75, p. 650. Mar. 20, 1920. 

Many Developments Described by the Committee on 
Electrical Apparatus. Elec. Rev., Chicago, v. 76, p. 
866-67. May 22, 1920. 

Swiss Install Automatic Substation. 
v. 55, p. 708. Apr. 3, 1920. 


1919 
Capiz, C. L. Automatics on the New York State Railways. 


Elec. 


Elec. 


Elec. 


Elec. Rwy. Jour., 
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Elec. Rwy. Jour., v. 54, p. 985-87. Dee. 20, 1919. 

Darina, A. G. Automatic and Remote Control Generating 
Stations. G. E. Rev., v. 22, p. 846-48.. Nov., 1919. Dis- 
cusses various means whereby the automatic generating 
stations may be controlled. 

Generat Execrric Co. Automatic Railway Substations. 
Bul. No. 44092 B. Oct., 1919. Schenectady, N. Y. 

Jonrgs, C. H. Automatic Sabetations on the North Shore Line. 
Elec. Rwy. Jour., v. 53, p. 84-90. Jan. 11, 1919. 

Luoyp. C. F. Sources of Economy in Automatic Substation 
Control. Elec. Rwy. Jour., v. 53, p. 922-23. May 10, 1919. 

Moorsn, L. J. Semi-automatic Induction Generator Plants. 
Elec. Wld., v. 74, p. 1148-51. Dec. 27, 1919. 

Nasu, E. J. A Year of the Automatic Substation at Butte. 
Elec. Rwy. Jour., v. 53, p. 565-61. Mar. 22, 1919. G. E. 
Rev., v. 22, p. 552-55. July 1, 1919. 

Quinn, E. A. Automatic Induction Generator Plants. 
Elec., v. 42, p. 342-44. Apr. 15, 1919. Power Pl. Engng., 
y. 23, p. 730-32. Aug. 15, 1919. 

Wenstry, R. J. Some Experiences in the Development of 
Automatic Substations. Elec. Rwy. Jour.,. v. 34, p. 886- 
89. Nov. 15, 1919. 

Wenstey, R. J. Standard Automatic Substation Equipment. 
Elec. Jour., v. 16, p. 218-22. May, 1919. 

Anonymous. Automatic Substation from an Economie Stand- 
point. Elec. Rev., v. 75, p. 104-05. July 19, 1919. 

Automatic Substations Installed by or on Order from the 
General Electric Co. Elec. Rwy. Jour., v. 53, p. 54. 
Jan. 4, 1919. 

Railway Automatic Substation at Torrance. 
v. 48, p. 470. Nov. 15, 1919. 

Simplified Diagram of Automatic Substation Circuits, 
Aurora, Elgin & Chicago Railroad. Elec. Rwy. Jour., 
v. 53, p. 104. Jan. 11, 1919. 


1918 


Buriineuam, C.S. Application of the Automatic Railway Sub- 
station. Sibley Jour., v. 32, p. 157-61. July, 1918. 


Jour. Elec., 


Davis, H. E. Savings Effected by Automatic Railway Sub- 


stations. Elec. Rwy. Jour., v. 57, p. 692-95. 


1918 
Dortcicos, C. Automatic Substation. 
52, p. 157-58. July 27, 1918. 
DraBeE.te, J. M. and Bonnett, L. C. Automatic Hydro-Elec- 
tric Plant. <A. I. E. E. Froc., v.37, p.497-507. May, 1918. 
Elec. Rev., v. 73, p. 219-21. Aug. 10, 1918. Abstract. 
Elec. Rwy. Jour., v. 52, p. 8-9. July 6, 1918. Abstract. 
Description of the station of the Iowa Railway & Light Co. 
at Cedar Rapids. 
Liorp, C. F. Why the Automatic Substation Saves Materials 


Apr. 13, 1918. 


Elec. Rwy. Jour., v. 


and Labor. Elec. Rwy..Jour., v. 51, p. 705-06. Apr. 13, 
1918. 

Pearson, B. F. Automatic Reclosing Devices for Automatic 
Substations. Elec. Rev., Chicago, v. 72, p. 731-32. ‘Apr. 
27, 1918. 

Stapz, W. C. Automatic Substation has Come to Stay. Elec. 
Rwy. Jour., v. 52, p. 651-54. Oct. 12, 1918. 

Stabe, W. C. Two-unit Automatie Substation. Elec. Rwy. 


Jour., v.52, p. 1038-44. Dee. 14, 1918. 

Snyrprer, W. T. Automatically Remote Controlled Synchronous 
Motor Generator Substation. Elec. Rev., Chicago, v. 73, 
p. 407-09. Sept. 14, 1918. 

Snyper, W.T. Remote Controlled Substation. Ass’n. Iron & 
Steel Elec. Engrs. Proc., p. 479-94. 1918. 

Wenstey, R. J. Automatic Substation of New Type on Ohio 
Electric Railway. Elec. Rwy. Jour., v. 51, p. 707-09. 
Apr. 13, 1918. 


Wenstey, R. J. Design of Automatic Switching Equipments 
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for Synchronous Converter Substations. Elec. Jour., v. 15, 
p. 114-19. Apr. 1918. 

Anonymovs. Automatic Hydroelectric Plant, Cedar Rapids, 
Ta. Sci. Am., v. 119, p. 263. Sept. 28, 1918. 

Automatically Operated Synchronizing Station. Elec. 
Wld., v. 71, p. 153, Jan. 19, 1918. 

Automatic Substations and D-C. Traction Networks. 
(In French). Rev. Gén. de lElec., v. 14, p. 386-92. 
Sept. 14, 1918. Gives circuits, resulting economies, 
ete. Refers primarily to American practise. 

Simplifying the Automatic Substation Circuit Diagram. 
Elec. Rwy. Jour., v.52, p. 979. Nov. 30, 1918. 

Space Saved by Double Deck Arrangement in Automatic 
Substation. Elec. Rwy. Jour., v. 52, p. 118-19. July 
20, 1918. 

1917 


Brearce, W. D. Operation of Railway Substations without 
Attendants. G. E. Rev., v. 20, p. 863-67. Nov., 1917. 
Berarce, W. D. Reduction of Railway Operating Costs by Use 
of Automatic Substations. lec. Rwy. Jour., v- 50, p- 

435-37. Sept. 15, 1917. 


. Bonnett, L. B. Automatic Hydroelectric Generating Station 


of the Iowa Railway and Light Company. G. E. Rev., v. 
20, p. 918-23. Dee., 1917. 

Anonymous. Automatic Substations Permit Large aiing in 
Des Moines. Elec. Rwy. Jour., v. 49, p. 66-69. Jan. 13, 
1917. 

Features of an Automatic Hydroelectric Plant. Elec. 
Wid., v. 70, p. 1042-45. Dec. 1, 1917. Elec. Rwy. 
Jour., v. 50, p. 980-85. Dec. 1, 1917. Power, v. 46, 
p. 790-93. Dec. 11, 1917. At Cedar Rapids plant. 

First Automatic 1200-volt Substation. Elec. Rwy. Jour., 
vy. 50, p. 48-51. July 14, 1917. 

Portable Automatic Substation for Kansas City Railways. 
Elec. Rwy. Jour., v. 49, p. 881-82. May 12, 1917. 


1916 


Davis, C. M. Gives the Operator a Job. G. E. Rev., v. 19, 
p. 1020-28. Nov., 1916. Shows how economies ean be 
secured in electric railway operation by the use of automatic 
substations. 

Anonymous. Automatic Substation. Elec. Rwy. Jour., v. 47, 
p. 912-13. May 13, 1916. 


1915 


Auten, E. N. and Tayzor, E. Automatically Controlled Sub- 
station with Particular Reference to their Application to 
Interurban Eleciric Railway. A. L. E. E. Trans., vy. 34, 
pt. 2, p. 1801-19. 1915. Elec. Ry. Jour., v. 46, p. 583-36. 
Sept. 18,1915. Abstract. 

Davis, C. M. Automatic Railway Substations. Elec. Rwy. 
Jour., v. 46, p. 871. Oct. 25, 1915. 

Davis, C. M. Automatie Railway Substations. G. EF. Rez., 
v. 18, p. 976-78. Oct., 1915. Elec. Rwy. Jour., v. 46, p. 
772-73. Oct.9, 1915. Abstract. 

Prace, C. W. Automatic Control. A. L E. E. Pzroc., v. 34, 
pt. 3, p. 2429-35. 1915. Gives examples with a discussion 
as to how far it is advisable to apply it. 

Tarior, E. Automatic Substation. Elec. Rwy. Jour., v. 56, 
p. 1075-76. Nov. 27, 1915. 

Anonymous. Automatic Electric Control for Hydraulic Accu- 
mulators. Engr., Lond., v. 120, p. 301-02. Sept. 24, 1915. 


1913 
Summerernays, H. R. Automatic Substation. A. L E. E. 
TRANS., VY. 32, pt. 2, p. 1585-98. 1913. G. E. Rev., v. 16, 
p. 662-76. Sepi., 1913. : 
AnonrMots. Automatic Electric Light Plant. Engr., Lond., 
v. 115, p. 220. Feb. 28, 1913. Lister Bruston lighting set. 
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ANNUAL REPORT OF COMMITTEE ON GENERAL POWER APPLICATIONS* 


To the Board of Directors: 

Your Committee on General Power Applications 
endeavored to perform the following functions: 

1. Keep in touch with all developments relating to 
general power applications. 

2. Foresee the need for development of new elec- 
trical apparatus to meet new conditions in general 
power applications. 

8. Develop papers to be presented before the 
Institute on subjects relating to general power 
application. 

4. Present a report at the end of the Institute 
year recording the development of general power 
applications.during the preceding year. 

To accomplish the first function, a review of the 
technical press was undertaken, each committee 
member being asked to review certain periodicals. 
To be successful, a review of this type requires the 
sacrifice of considerable time from our daily occupations 
and is not extremely fruitful in results even if such 
review is punctiliously observed. However, we were 
fairly successful in this endeavor. 

The second endeavor mentioned above is the hardest 
of all to attain but is one which, if successful, would add 
much to the value of the committee. 


The third endeavor has brought out many suggestions 
for prospective papers. These include the following: 


High Cycle Equipment for Portable Tools. 

Telephone Central Office Power Plants. 

Short Cireuit Protection for Industrial Installations. 

Overload and Single Phase Protection for Across-the-Line 
Squirrel-Cage Induction Motors. 

Application of Power and Control Equipment to Power Plant 
Auxiliaries. 

Across-the-Line Starting of Induction and Synchronous 
Motors, Including 2200 Volt Application. 

Improvement of Ward Leonard Control with Special Reference 
to Application to Elevators. 

Mass Production of Electric Light Bulbs. 

Storage Batteries, Improvements and Applications. 


Instead of enumerating a large number of new 
applications, only representative ones are cited in this 
report. Details of these are more specific than formerly 
and we feel that in drawing these to the attention of the 
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Presented at the Summer Convention of the A. I. E. E., at 
Denver, Colo., June 25-29, 1928. 


membership, we shall have focused their attention on 
the general trend of all applications. Necessarily, 
there are many types not mentioned, either because the 
committee has no access to such, or because their 
application is somewhat similar to others. 

The thanks of the committee is extended to the 
Allis-Chalmers Mfg. Co., American Telephone & 
Telegraph Co., Bethlehem Steel Co., D. H. Braymer 
Equipment Co., Canadian General Electric Co., 
Century Electric Co., Consolidated Gas, Elec. Lt. & 
Power Co. of Baltimore, Cutler-Hammer Mfg. Co., 
Duquesne Light Co., Edward Ford Plate Glass Co., 
Electro-Dynamic Co., General Electric Co., Graybar 
Electric Co., Howell Electric Motor Co., Lincoln 
Electric Co., Louis-Allis Co., The Management Engi- 
neering & Development Co., Ohio Bell Telephone Co., 
Philadelphia Electric Co., Reliance Electric & Engineer- 
ing Co., Stone & Webster, Westinghouse Electric & 
Mfg. Co., J. D. White Engineering Co., the Universities 
of Missouri, Massachusetts Institute of Technology, 
Purdue and Toronto, firms with which committeemen 
are connected or whose cooperation and publications 
we have made use of in compiling this report. 


MARINE EQUIPMENT 


At the close of the year 1927, there had been placed 
in commission, or were under construction, a total 
of 118 electrically propelled vessels of various types, 
ranging from river towboats and small yachts to the 
largest types of sea-going ships. The equipment of 
these crafts aggregated more than 700,000 shaft hp., 
about 92 per cent of the primary power being supplied 
by turbines and 8 per cent by Diesel engines. 

The outstanding event of the year was the completion 
and installation of turbine-electric propelling equipment 
for the Panama Pacific Liner California, Fig. 1, the 
largest passenger ship ever built in the United States 
and the largest electrically driven ship of her class in 
the world. The California is a twin-screw ship with a 
displacement of 30,250 tons at load draft. 

The maximum energy delivered to her propeller 
shaft is 17,000 shaft hp. and a speed of 18 knots can be 
maintained with this power input. At the cruising 
speed of 16.5 knots, the output of the turbo generator 
is 13,500 shaft hp. and at this speed the ship has a 
cruising radius of 15,400 mi. 

The propelling equipment comprises two 16 stage 
steam-turbo generators, each having a maximum 
capacity of 6600 kw. at 2880 rev. permin. This 
power is transmitted to the propeller shafts by means of 
two synchronous induction type motors having a con- 
tinuous maximum rating of 8500 shaft hp. at 120 
rev. permin. These motors are direct connected to 
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28-88 


1234 


the propeller shafts and are reversible so that no 
reversing turbines are required. Both propelling 
motors can be operated at about 34 of their rated output 
by the current supplied from one of the two turbo 
generators, thus insuring economical cruising at reduced 


The California was launched October 1, 1927 and 
work on a second ship of the same size, to be provided 
with electric propelling equipment of the same power, 
is already under way. 

Diesel Electric. While the primary power supplied 
by Diesel engines is comparatively small compared to 


Tresine-Enecreic-Prorettep Laixer S. 8S. 
California 


B. View sHOWING THE IxsranLaTion oF THE Mam 
Prorcision Morors 


that supplied by steam turbines, yet there have been 
a number of notable applications of Diesel-Electric 
Drive for marine work. 

One of these in which d-c. apparatus is used is the 
Coast Guard Cutter Northland which is now serving 
on patrol in Alaskan waters. 

The main engine room equipment consists of two 
Diesel engine-driven generators, each rated 410 kw. 
250 volts at 200 rev. permin. These supply current 
to a double-unit type, shunt-wound propeller motor, 
Each section of this motor (Fig. 2) is rated 500 hp. 
at 120 -ev. permin. The ship will develop a speed of 
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12 knots with her single propeller operating at 120 
rev. per min. and the motor developing 1000 shaft hp. 
The control is located in the engine room and is of the 
variable voltage type. 

There are some unusual features in the propelling 
equipment, one of them being the use of a magnetic 
clutch between the motor and the propeller shaft. 
Under normal conditions the motor and shaft are 
rigidly bolted together, but when cruising at reduced 
speed in the ice fields the bolts will be removed and the 
power transmitted through the magnetic clutch. This 
will transmit a torque equivalent to 500 shaft hp. at 
95 rev. per min., but any increase of load beyond this 
rating will cause the clutch to slip and will thus prevent 
dangerous stresses. 

Other applications of Diesel-Electric Drive include 
that on four large double-end Diesel-eleciric ferry 
boats made for the Southern Pacific Company for 


Fig. 2—U.S. Cossr Guarp Currer Northlands 1000-Hpe., 
120-Rev. Pex Mix., 500-Voitr Dotsiz AgwatcRe PRoreLLer 
Moroer 


service in San Francisco Bay, electrically propelled 
packet boats running between points in and around 
New York Harbor and cargo boats recently open to 
Diesel electric propulsion by the U. S. Shipping Board. 
Another novel application of Diesel-electric drive was 
inaugurated by the Bureau of Light Houses by its 
decision to adopt this method of propulsion for three 
new light ships. These ships are at anchor most of 
the time but in severe weather, the propulsion equip- 
ment will be used to take the strain off the anchor 
chains and to maintain the position of the light in the 
event of the breaking of the moorings. 

U. S. Navy. The Washington Arms Contersicd i in 
1921 served to greatly emphasize the consideration 
of the relative value of weight and space for power 
apparatus on board ships. Recent designs of machinery 
have shown a marked advance over previous practise 
in the matter of lightness and compactness. without 
sacrifice of strength or reliability. This has been 
made possible by the use of light metal alloys and the 
use of fabricated steel parts to replace the original cast 
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iron parts. Cast iron is not only too heavy a construc- 
tion, but is also unreliable under such shocks as are 
imposed by battle conditions. The chief developments 
in application in the past year have been along the 
lines of building machines to meet the peculiar needs 
of the application. 

A notable application is that of a 200-hp., 5000-rev. 
per min. d-c. motor on which the Navy Department 
has recently completed tests. This motor is used to 
drive a three-phase blower type compressor having 
a capacity of 3200 cu. ft. and a discharge pressure of 
10 lb. Special precautions had to be taken to balance 
this armature, the peripheral speed of which is ap- 
proximately 20,000 ft. per min. The bearings are 
flood-lubricated, the oil being supplied by a separate 
motor-driven pump. The method of cooling is novel, 
the cooling air being that which is drawn through the 
motor into the first stage of the compressor. 


ELECTRIC RAILWAYS 


The applications in the electric railway field were 
concentrated mainly upon the modernization of rolling 
stock. Existing cars were replaced with equipment 
better suited to modern transportation requirements, 
including motors and control of the latest design. 

Oil-Electric Locomotives. Interest in the application 
of oil-electric locomotives continued throughout the 
year and a number has been put in service. These 
demonstrate the economies and other operating advan- 
tages of this type of drive. Two 100-ton units are 
now in heavy switching service on the Erie Railroad and 
60 ton units were completed for the Chicago & North- 
western Railway, the Union Carbide Company, and the 
American Rolling Mills Company. Work is also 
proceeding on oil-electric, freight and passenger locomo- 
tives for the Putnam Division of the New York Central 
Railroad and a 300-hp. oil-electric motor car is ready 
for service. 

Gas-Electric Motor Cars. One of the large automo- 
tive truck manufacturing concerns has recently an- 
nounced the completion of car units consisting of 
gasoline engines and electric generators, to be used with 
an electric drive to furnish power for virtually any kind 
of transportation. This is unique in that a single base 
contains all the power equipment and accessories 
except the gasoline tank, the radiators and such electric 
motors as may be used in driving the axles. An 
important application is expected to be railway 
transportation. More than one power unit can be 
used, ranging from a single day coach moving along the 
rails without the help of a locomotive, to a six-car 
commuter train in which the cars at each end of the 
train contain power units. By means of a system of 
remote control, these units can be operated by an 
engineer at either end of the train. 

Special Type Locomotives. A new combination 
trolley and storage battery type of locomotive has 
recently been placed in service by the Chicago, North 
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Shore and Milwaukee R. R. These locomotives may 
be used either on the trolley system, or on tracks not 
now equipped with trolleys. The motors are ventilated 
by electrically driven fans. D-c. control is provided 
for either trolley or battery and transfer from the 
trolley to the battery power is automatic. Motor- 
generator sets are used for charging the battery when 
running from the trolley. 

Automatic Substations for Railway Signaling Power 
Supply. The continuous inductive type of automatic 
train control provides a new field for the application of 
small frequency-changing motor-generator sets and 
automatic control for starting the sets and for connect- 
ing the generators to the load in the shortest time 
possible. Power is supplied to the train control system 
at a frequency of 100 cycles in order to eliminate induc- 
tive interference from commercial circuits. 

Motor-generator sets provide the 100-cycle power 
from 25 or 60 cycle primary sources. The motor- 
generator sets range in size from 1.5 kv-a. to 60 kv-a. 
The rating depends primarily upon whether the power 
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is to be used for both automatic train control and auto- 
matic block signaling or only for the former. 

A very interesting installation of automatic substa- 
tions to provide 100-cycle current for the operation of 
both automatic block signaling and automatic train 
control is on the Pan Handle Division of the Pennsyl- 
vania R. R. system between Pittsburgh, Pa. and Newark, 
Ohio. This division consists of 158 route mi. or 375 
track mi. Eight automatic substations are provided, 
the maximum distance between any two adjacent 
stations being 36 mi. and the minimum five miles. 
Each station, excepting one, contains a 60-kv-a. 
80 per cent power factor, 220-volt, single-phase, 100- 
eycle alternator, with direct connected exciter, driven 
by a direct connected 75-hp., 220-volt, three-phase, 60- 
cycle, squirrel-cage induction motor with the necessary 
automatic switchgear. Fig. 3 shows one of the seven 
motor-generator sets and Fig. 4 shows one of the auto- 
matic switchboards. The motor starter is in the fore- 
ground, next are two feeder panels, one to feed east and 
the other to west. Next is the relay panel followed by 
the voltage regulator panel. The panel in the back- 
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ground is for the control of the two motor-driven air 
compressors in the extreme background and is not 
part of the automatic switchgear. 


MINING INDUSTRY 
A new type “sealed equipment” cable-reel-gathering 
locomotive has been provided for mine application and 
is provided with two 30-hp. motors, contactor control 
of the progressive series parallel type, and a motor- 


Fig. 4—AvtTomatic SwiTCcHBOARD 


driven cable reel with 450 ft. of double-conductor, 
concentric, rubber-covered cable. 

The traction motors, the cable-reel motor, cable- 
reel collector rings, control, headlights, and all parts of 
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the equipment with the exception of the trolley pole 
and the reel cable are completely enclosed in strong 
cases which are designed to prevent any gas explosions 
that occur within these cases being transmitted to the 
surrounding atmosphere. With the exception of short 
sections of cable leading to the motor, where flexibility 
is necessary, all wiring is enclosed in rigid type con- 
duit, securely anchored and provided with steel fittings 
where it enters the various compartments. Flexible 
motor cables are enclosed in heavy rubber hose, the 
ends of which are also provided with steel fittings; 
Figs. 5 and 6 show views of this type of locomotive. 
Quarry Locomotive Cars. An interesting system of 
remote control for locomotive cars operating on quarry 
tracks was developed. With this system a single 
operator, located in the tower-control station, from 
which he can see all the cars, is able to start, stop, 


GENERAL POWER APPLICATIONS 


Transactions A. I. E. E. 


and even to switch cars on different tracks. Electrical 
equipment of the cars consists of high-torque squirrel- 
cage motors provided with solenoid brakes and controlled 
through a pair of reversing contactors which throw the 
motors on the line at full voltage. Two current- 
collecting shoes are used for making contact with two 
“third rails’ located between the traction rails. The 
separate tracks on which these cars operate have 
isolated circuits or the cars can be maneuvered on a 
loop track with isolated sections. 


Fig. 6—INTERIOR VIEW 

The control operator handles the cars from a pilot 
switch which actuates the reversing contactors and, 
when the current is shut off, the solenoid brakes set 
automatically and retard the car, torque being adjusted 
for smooth retardation. The application of this system 
is expected to speed up production and reduce operating 
cost, inasmuch as one operator can in this way handle 


Fic. 7—3200-Hp., 79 Rev. Per Min. D-C. Hoist Moror 
several cars whereas with the old system an operator 
was required foreachear. 

Largest Hoist Motor in Western Hemisphere. We 
are continually having our attention called to the ever 
increasing size of electrical equipment being used in 
the industries. One-of the large electrical manu- 
facturing companies is building for the Frood Mines 
of the International Nickel Company of Canada a 
3200-hp., 79 rev. per min. d-c. hoist motor. On both 
the horsepower and torque rating, this motor is larger 
than any single mine hoist motor yet installed or 
selected for mine hoist applications in this hemisphere. 
Fig. 7 illustrates this motor. 
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Its armature will be 144 in. in diameter and power 
for the motor will be supplied by a fly-wheel motor- 
generator set consisting of a single a-c. motor driving 
two 1250-kw., 600-volt generators. The hoist has 
cylindrical drums 12 ft. in diameter and is of the 
balanced skip type for the handling of ore from a 
maximum depth of 3000 ft. The load will-vary with 
the depth and at 2000 ft. the skip will handle 10 tons 
‘of ore at a speed of 3000 ft. per min. 

This equipment will employ the variable voltage 
d-c. system of speed control. 

Improved Equipment for Gaseous Mines. In gaseous 
coal mines an explosion of gas may occur, this explosion 


Fic. 


8—MacHIneE ror DistrrisutTine Rock Dust 


be communicated to the fine coal dust deposited on the 
sides, roof and bottom of the mines, thus extending and 
materially augmenting the initial explosion and, per- 
chance, causing a disaster of large proportions. In 
order to prevent the gas explosion communicating with 
the coal dust, the latter is covered with rock dust which 
is distributed to the walls, roof, and bottom of the mine 
under air pressure. Fig. 8 shows a machine used for 
this purpose. The rock dust is contained in the hopper 
at one end of the machine and is distributed by the 
motor-driven blower. This equipment is capable of 
delivering the rock dust through several hundred feet 
of hose to entries on either side of the track. The 
blower delivers a constant volume of air at a fixed 
velocity regardless of the length of hose. 

The electrical equipment is especially designed for 
use in gaseous mines and has been approved by the 
Bureau of Mines for this application. It consists of a 
20-hp. permissible type motor and control. The motor 
has solid rear brackets and bronze screw type in- 
spection covers on the commutatorend. The controller 
is of the full magnetic push button type. The con- 
tactors, overload relay, starting resistor, and push 
button are all enclosed in a single case arranged for 
easy inspection of the equipment. 

By using the packing gland type of lead entrance 
the electric cables can be run without external connec- 
tion from the inside of the motor to the inside of the 
controller. The design results in a very simple method 
of mounting and wiring the electrical apparatus. 
The push buttons which are enclosed in the case are 
operated by two plungers extended through the case 
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and protected by a housing cast integral with the top 
of the control. 

The Largest Mine Locomotive. The largest single 
unit underground mine locomotive was exhibited at the 
American Mining Congress Convention in May. This 
locomotive weighs 38 tons and has the following limit- 
ing dimensions: Gage 85 in., height 46 in., width 
6414 in., overall length 24 ft.-0 in. The locomotive is 
equipped with three 133-hp., 500-volt motors or a 
total of 399 hp. per locomotive. The motors are 
arranged for forced ventilation from a separate blower 
motor. The control is of the semi-magnetic type, 
series-parallel with overload relay and no-voltage 
protection. 

The locomotive was designed for a haul of approxi- 
mately four miles with an average grade of approxi- 
mately 2.4 per cent and a maximum grade of 5.6 per 
cent for a thousand feet and will haul an average of 50 
cars per trip and make. 9 trips in 8 to 8% hr. The 
car weight loaded is approximately 31% tons average. 

Fig. 9 illustrates the locomotive. 


GLASS INDUSTRY 

The application of motor drive in the glass industry 
is of course not new. The excessive demand of thin 
plate glass of the non-shattering type, and for ordinary 
thin plate, such as used in the auto and allied industries, 
has caused a general building and rebuilding program 
for this type of glass manufacturing. 

The use of electrically driven mechanisms at practi- 
cally every step and the fine instruments required as 
well as powerful cranes, etc., has created a great and 
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growing demand for motors, controllers, and general 
equipment to improve the methods of manufacture of 
thin plate glass. 


ELECTRICAL REFRIGERATION 


The enormous growth of motor application in the 
field of electrical refrigeration is indicated by the fact 
that ten years ago this industry produced about 1200 
units a year, whereas the year 1927 produced 1,500,000 
units. 

The introduction of the electrical refrigerator into 
the home has added during 1927 a revenue of $3,000,000 
to the Power Companies’ earnings. 

An interesting application in this field is the use of 
single-phase motors mounted in rubber. All single- 
phase motors have an inherent double frequency torque 
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pulsation which gives rise to some noise and vibration. 
Fig. 10 shows a 1/30 hp. split-phase motor of the usual 
construction but with this unusual mounting. 

The base of the mounting has vertical supports going 
up through the ventilating holes in the bottom of the 
end-flanges of the motor and offset around the shaft so 
that the top of the support is directly over the shaft and 
some distance above it. There are two holes in each 
support, one above and one below the shaft with rubber 
bushings in these holes. Two pins extending inward 
from the end-flange engage these rubber bushed holes 
and support the motor. The motor is thus supported 
entirely from these pins in the end-flange and there are 
no metal-to-metal contacts between the motor and its 
mounting. This rubber mounting has two advantages 
over a rigid mounting in that it eliminates a large part 
of the vibration normally transmitted to the apparatus 
on which the motor is mounted and it also reduces the 
usual motor noise to a minimum, as the motor can 
produce noise only by vibration in the relatively small 
surface of its own frame. 

In this field also, it is interesting to note the applica- 
tion of what is essentially a two-phase motor from a 


Fig. 10—Spuiit-Puass Motor Frame wir CusHion Basi 
single-phase line, one phase of the motor being con- 
nected directly across the source of supply and the 
other phase connected in parallel with the first phase 
through a capacitor. 
it has been found desirable to make a change in con- 
nections on the capacitor as the motor comes up to 
speed. This change is made by the use of a single 
centrifugal device which operates a single-pole double- 
throw switch. Due to the fact that it has no com- 
mutator or brushes, it is extremely quiet and causes no 
radio interference except one slight click when the 
centrifugal switch operates. The fact that the motor 
operates as a polyphase motor has a tendency to elim- 
inate the characteristic hum of a true single-phase 
motor. 


PAPER MILL INDUSTRY 


A new application in the manufacture of paper is that 
of an adjustable speed motor to a paper winder. This 
drive consists of a direct connected variable speed motor 
and the necessary control equipment. The motor is 
designed to give a speed range of 4 to 1 by voltage con- 
trol and to give a crawling speed for threading the paper 
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by means of armature resistance. This particular 
drive was supplied at the mill of the Fraser Co., Ltd. at 
Madawaska, Maine, and has caused a great deal of 
favorable comment because it is an economical arrange- 
ment when viewed from the standpoint of first cost and 
has proved a very satisfactory arrangement from an 
operating standpoint, all the features having been 
combined in it which are ordinarily secured only through 
a Ward Leonard system of speed variation. 


ELECTRIC FURNACES 


For a number of years the wrought brass industry, 
concentrated in a comparatively few large plants, has 
used electric are and induction furnaces almost ex- 
clusively for melting copper-zine alloys. The cast 
brass industry, consisting of many small plants widely 
scattered, has been slower in the adoption of electric 
heat for melting but there was an increased use of elec- 
tric furnaces for melting brass for castings. The brass 
industry as a whole uses comparatively small melting 
units, 75 to 200 kv-a., all single phase. There appears 
to be less objection than formerly on the part of public 
utility systems to single-phase loads of this character, 
and units as large as 300 kv-a. have been installed. 

In the steel industry the use of the three-phase are 
furnace of the three-electrode type followed the 
standard practise of the last two or three years and 
“electric steel’ has now become a trademark to indicate 
a superior quality of steel. 

There is a decided growth of interest in the possibili- 
ties of cast iron of uniform analysis and of definite 
physical properties. This is one of the most promising 
applications of the electric melting furnace. 

The coreless type induction furnace, generally re- 
ferred to as the “high-frequency furnace,” entered the 
ferrous field for the production of high grade alloy steels. 
Completed equipment of this character included a 150- 
kv-a., 900-volt, 2000-cycle unit for melting steel, 1 
60-ky-a., 900-volt, 960-cycle unit installed for labora- 
tory service in a large steel plant, and a 187-kv-a., 
900-volt, 800-cycle unit shipped to Sweden. All of 
these units consist of a motor-generator set, using a 
three-phase motor of standard frequency and voltage 
to drive a single-phase high-frequency generator, to- 
gether with the corresponding high-frequency capacitor 
units. 

In the December 16 number of the Electrical Review, 
London, there is an article on a high-frequency steel 
furnace, this furnace being operated by a 150-kw. 
motor-generator set and used for only the very finest 
steel. This appears to be another application of 
electricity which betters the product and does away 
with a great deal of hard exacting labor, inasmuch as 
it is the first radical departure from the primitive coke 
furnace for making crucible steel. This furnace is in 
operation at the Imperial Works of Messrs. Edgar 
Allen & Co., Sheffield, England. 
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STEEL MILL INDUSTRY 


Automatic Steel Mill. A great improvement in the 
rolling of steel was inaugurated during 1927 which has 
made it possible to roll the ‘‘H”’ shaped beam so desir- 
able for columns in buildings. The improvement 
consists in using sets of rolls to roll simultaneously the 
flanges and web of the beam. The adjustments of all 
of the rolls is made automatically at the same time. 
Important new features were also developed for the 
motor driving these rolls. 

Fig. 11 shows the main motor room for the new mills 
at the Homestead plant of the Carnegie Steel Com- 
pany which roll these ““H” section beams. The total 
capacity of the electrical equipment in this one room is 
nearly 85,000 hp., thus making it one of the largest 
industrial substations yet installed. 

In the right center and extreme back part of the motor 
room are shown the reversing motors which drive the 
mill rolls of the roughing and intermediate 52-in. 
universal beam mills. Each of these mills has three 
pairs of rolls, all working simultaneously on various 
parts of the same beam section. The main horizontal 
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and vertical rolls are driven by a 7000-hp. motor, and 
the horizontal edging rolls are driven by’ a 200-hp. 
motor, both of these reversing motors being supplied 
with power from a 6000-kw. flywheel motor-generator 
set. 

Automatic control is provided, which permits a 
single operator to control the operation of the two 
motors, the three screwdown motors, and the several 
table conveyor and transfer motors. By means of a 
plug-in board, the ratio of the speeds of the two revers- 
ing roll motors is predetermined and selected for each 
pass, and the screwdown setting of each set of rolls is 
selected for each pass. During operation, the operator 
then advances a multi-point master switch one position 
after each pass, and the control functions automatically 
to adjust the ratio of roll motor speeds and to set each 
of the sets of rolls, ready for the next pass. 

By this method of control, the operation of the mill 
is very greatly simplified, the number of operators is 
reduced, and the product is of uniform quality due to 
the same processing of succeeding pieces. 
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Mill for Wide Flanged Beams. Another large equip- 
ment of unusual interest was placed in operation at 
the Lackawanna Plant of the Bethlehem Steel Com- 
pany. The mill to which the motors were applied is 
used to produce wide flange beams. It consists of 
three units; a 54-in. reversing blooming mill, a 48-in. 
intermediate mill, and a 48-in. finishing mill. The 
blooming mill, which is one of the two largest reversing 
blooming mills in this country, is driven by a single-unit 
d-c. reversing motor rated 7000 hp., continuously at 
50 deg. cent. rise and 40/80 rev. per min. This motor 
is capable of exerting a maximum torque of 2,400,000 
Ib. at one ft. radius. Direct current is supplied from a 
flywheel, motor-generator consisting of a 5000-hp., 
375 rev. per min., 6600-volt induction motor, a 50-ton 
flywheel and two 3000 kw., 750 volt generators which 
are operated in parallel. 

Another noteworthy application at the Lackawanna 
Plant of the Bethlehem Steel Company is the change 
of the layout of the rail mill which is now being made. 
The 44-in. reversing blooming mill will have a driving 
motor rated 7000 hp. continuously, 50 deg. rise and 
50/120 rev. per min. Blooms from this mill will go 
to a 35-in. reversing roughing mill which will be driven 
by a d-c. motor rated 5000 hp. continuously at 50 deg. 
cent. and 50/120 rev. permin. Power for these two 
reversing motors will be obtained from a single flywheel 
motor-generator consisting of a 7000-hp., 375 rev. 
per min., 6600-volt induction motor, two 3000 kw., 
375-rev. per min., 750-volt generators operating in 
parallel to supply power to the 7000-hp. blooming mill 
motor, two 2200 kw., 450-volt generators operating 
in series to supply power to the 5000-hp. roughing mill 
motor and a 75-ton flywheel. 

Use of Synchronous Motors in Steel Mills. The 
increase in the use of synchronous motors for main 
roll drives in the past year is noteworthy. The new 
applications for the year include a 5000-hp., 40 deg., 
1000-rev. per min., 2200-volt motor used to drive a 
19-in. continuous sheet bar mill at the Kokomo Plant, 
Indiana, of the Continental Steel Corporation. A 
motor of the same horsepower rating but at 240 rev. 
per min. will be used to drive a 51-in. piercing mill 
installed by the Standard Seamless Tube Co. of 
Economy, Pa. Other motors are applied to copper 
and brass rolling mills. 

Motor Rollers. The first applications of rollers of 
the type in which the driving motor is inside of the 
roller and made integral with it were made in the past 
year. These applications include motor rollers on four 
different parts of a continuous sheet mill at the plant 
of the American Sheet & Tin Plate Co., Gary, Indiana. 
These rollers are of different capacities and speeds, 
depending upon their location in the table and vary 
from 5 to 35 cycles per sec. They are operated through 
motor-generator sets consisting of alternators and ad- 
justable speed d-c. motors to give the necessary speed 
variation over the different parts of the table. 
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Another application of these rollers is that at the 
Lorain Plant of the National Tube Co, Applications 
here include motor rollers on a runout table for con- 
veying the rounds from the furnace to the piercing mill. 
Others are used to feed the pipes to and from the thread- 
ing machines, this installation being entirely automatic, 
and still others for conveying the tubes through the 
oiling machines. All of the rollers for the National 
Tube Co, are made of a special form to accommodate 
the round stock, 

There are many advantages in the use of motor rollers 
over the geared or coupled type of drive, chief of these 
being simplicity of mounting with resultant simplicity 
and cheapening of the table supports, and economy 
in space and power, and extreme flexibility of operation. 


OIL INDUSTRY 


Although electric power was slow to invade the field 
of oil production, rapid progress has been made during 
the last two years and now there are many fields using 
electrical power exclusively, A very good résumé of the 
operation of an electrically operated oil field is given 
in the Flectrical World under date of February 4, 1928. 

Application of Electricity to Pipe Line Pumping. 
Recently electric power has been used for pumping oil 
through pipe lines to replace the slow-speed plunger 
pumps driven by steam engines or occasionally a 
Diesel engine, on account of their very high first cost. 

During the last two or three years pump manufac- 
turers have made rapid strides in the design of centrif- 
ugal pumps suitable for this service and the engineers 
of the pipe line companies are beginning to realize the 
advantage of motor-driven centrifugal pumps for this 
work. Some of these advantages are low first cost, low 
maintenance, low attendance charges, quickness of 
installation, and reduced friction head due to steady 
even pressures. ‘The low first cost (usually one-sixth 
to one-eighth of the steam station of the same capacity) 
is of considerable importance in selecting equipment, 
especially when the life of the field being served is of 
questionable duration and low fixed charges are prime 
factors in the total operating costs. 

In the summer of 1927 the Illinois Pipe Line Company 
desired to increase the capacity of their main line across 
the State of Ohio, from 15,000 bbl. a day to 22,000 bbl. 
Rather than install additional pipe line capacity at 
great expense, this company put in booster stations 
using motor-driven centrifugal pumps at intermediate 
points between the steam stations. Ten five stage, 
650-gal. per min,, 1660-ft. head centrifugal pumps 
driven by 400-hp., 220-volts, three-phase, 60-cycles, 
1800-rev. per min., synchronous motors with direct 
connected exciters were installed in five booster stations, 
two units per station. Only one pump is required to 
operate in each station, the second unit acting as a 
standby. See Figs. 12 and 18. Magnetic pushbutton 
starters of the auto-transformer type are used through- 
out, with pressure gages arranged to shut down the 


GENERAL POWRR APPLICATIONS 


Transactions A, I, E. E. 


motors in case of low or excess pressures. The two 
pumps, motors, control and auxiliary equipment are 
mounted in a pump building 24 ft. by 34 ft. A fire 
wall is placed between the room containing the pump 
and the room containing the electrical equipment; the 
motor shaft passes through a stuffing box in the fire 
wall. 

The sucess of these first installations has caused 
this company to purchase and install 27 additional 


Fie. 12—Syncuronous Morors 1n Booster Sratrons 
units of the same kind to operate their new line running 
from Yates Pool to West Texas to Del Rio. Other 
companies have also realized the advantages of electric 
power for this service and have made similar installa- 
tions so that this method of pumping is rapidly becom- 
ing the standard for pipe line service. 


ELECTRICAL WELDING 


There was a marked advance in the application of 
electrical welding during the past year, both for the 
fabrication of electrical machines of all sizes and for the 
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fabrication of structural beams and pieces necessary 
in the building industry. 

The use of welded frames is rapidly becoming uni- 
versal on account of the great saving in weight which 
can be accomplished by this method. Fig. 14 shows a 
welded frame for 100,000 kv-a. turbo generator and 
Fig. 15 shows a fabricated stator frame for one of the 
40,000 kv-a. water-wheel generators for Conowingo. 

First Are Welded Railway Bridge. The first are 
welded bridge of the through girder type is shown 
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by Fig. 16. This bridge spans Thompson’s Run, having 
a span of 53 ft. 9 in. although the bridge is 62 ft. 4 in. 
over-all in length. There are 20 tons of steel in the struc- 
ture and the main side girders each contain approxi- 
mately 6 tons of steel. These girders are designed along 
rational lines in that the flanges are made from plate 
material and the web stiffeners are plate stock on edge, 
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no angles being used anywhere in the construction of 
the girders. The bridge is designed to handle a locomo- 
tive having a weight of 185,000 lb. on three sets of 
driving wheels. 

The first are welded railroad bridge of the through 
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truss type is that shown by Fig. 17, which shows the 
bridge as completed before moving in position on the 
abuttments across the canal at the Chicopee Falls, 
Mass., plant of the Westinghouse Electric & Mfg. Co. 

The plant shown in the background behind the 
bridge is that of the Fiske Rubber Co. 
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This bridge spans the power canal passing through 
Chicopee Falls, which is approximately 50 ft. wide. 
Owing to the layout of the railroad facilities, however, 
the bridge is required to cross the canal at an acute 
angle of 72 deg. As a result the trusses are approxi- 
mately 135 ft. long and the over-all length of the bridge 
is approximately 175 ft. 

The outstanding feature of interest in the design of 
the bridge is the fact that the welded design requires 
80 tons of steel, whereas the riveted design, prepared by 
the railroad engineers, required 120 tons of steel. 
Also the connecting materia! in the case of the welded 


Fic. 16—Anc Wetpep Rattwar Bripce 
bridge runs less than 5 per cent of the weight of the 
structure whereas in the case of the riveted design the 
weight of the connecting material is almost 30 per cent 
of the weight of the total structure. 

Atomic-Hydrogen Are Welding. Development work 
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on atomic-hydrogen arc welding was completed and a 
commercial equipment was produced for use on 60- 
eycle circuits. 

With this method of arc welding, an alternating cur- 
rent is maintained between adjustable tungsten wire 
electrodes, Fig. 18, and hydrogen is fed to the arc 
around the electrodes. The hydrogen molecules are 
broken up into atoms by the intense heat and, in 
recombining outside of the arc and in contact with the 
work, heat is liberated far in excess of that obtainable 
by any gas flame alone. This heat is used to fuse the 
metals to be joined and, where additional metal is 
required, a filler rod may be fused into the work. 

The hydrogen, being an active reducing agent, 
prevents the formation of oxides and hence produces a 
uniformly strong, ductile, and smooth weld. The 
metal being welded is not in the electric circuit and 
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need not be grounded or insulated. The are, constantly 
maintained, but broadly adjustable in size and in 
intensity, lends itself to a wide range of work. 

A transformer furnishes the required voltage, and 
the current at the arc is controlled by an automatic 
reactor. In this process, high voltage and low currents 
are required in the arc, which is the reverse of the 
conditions in ordinary are welding. The arc is struck 
at 300 volts; but while welding, the are voltage is 
varied from 90 volts for light work to 60 for heavier, and 
the current correspondingly varies from 20 to 70 
amperes. 

By this means, homogeneous ductile welds can be 
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made on very thin metals or on some metals and alloys 
hitherto considered unweldable. 

Magnetically Controlled Arc Welding. It is claimed 
by one manufacturer that the superimposing of a 
strong magnetic field on the arc flame, permits the arc 
to travel through variable magnetic fields without 
disturbance. This magnetic control appears to give 
the are a gyratory motion and the controlled arc has 
been called an “‘electronic-tornado,’ the magnetic 
. field apparently giving a swirling or gyratory motion to 
the electrons in the are. It is claimed that welds made 
by this new process are more uniform in structure and 
ductility than those of ordinary arc welding. 

Heretofore metal deposited ‘by electric are welding 
has partaken of the characteristics of cast steel. By 
this new process the metal deposited in the weld shows 
equal or even better physical characteristics than the 
metal of the plates joined by welding. This is said to 
be a result of the purifying effect of the electronic 
tornado. 

An article in the January issue of the Welding 
Engineer indicates that a metallurgist who examined 
micrographs of welds made by this magnetically 
controlled process states that actually the weld is heat 
treated steel, and for that reason is entirely free from 
undesirable hardness and that the refining effect of this 
new welding process produces weld metal fully as good 
as that which can be obtained in rolled steel of the same 
general purity. 

CONTROL 

Control has made many developments during the 
past several years and much was done during 1927. 
A great many individual devices could be cited indicat- 
ing the improvements made. The following are given 
more or less to show the general trend of control. 
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Generally, it should be pointed out that the evolution 
of dependable definite timing devices has limited the use 
of current limit and counter e. m. f. schemes of control. 
The general run of magnetic control is now of the 
definite time accelerating type. 

The year 1927 saw a great deal of development and 
improvement in thermal overload relays for motor 
protection and protection for other machinery. The 
developments during the year are also noteworthy with 
respect to improvements in magnetic switches. Much 
has been learned with respect to the characteristics of 
different metals used as contact breaking and carrying 
points, also with respect to the advantages of multiple 
break per pole. 

Automatic Pump Control. In the automatic control 
of a pump installation where the centrifugal pump is 
installed at a higher elevation than the sump, a vacuum 
pump is usually required for priming the centrifugal 
pump. The use of a pump valve to keep the pump 
filled with water so rarely gives satisfactory results in 
an automatic installation that this method of priming 
is not often recommended. The use of a sequence drum 
has made an improvement in automatic pump control. 
This sequence drum provides the automatic control to 
start the pump at high water level, stop the pump at 
low water level, and go through the priming process in 
starting. It repeats the priming cycle three times if 
necessary to prime the pump. If the pump is not 
primed after a third attempt, the sequence drum will 
lock out the control and a contact will be made on the 


Fig. 


19—MotTor-OPERATED SEQUENCE Drum 


drum energizing alarm circuit. In case the vacuum 
breaker switch remains closed, after the pump has 
primed, the main motor will not be disconnected from. 
the line, but the sequence drum will stop on alarm con- 
tact, ringing alarm and lock out starting control, until 
repairs have been made. The sequence drum is, of 
course, motor-operated. See Fig. 19. 

High-Pressure Valves. In connection with the motor 
operation of large valves in steam power plants and in 
the chemical industry, the trend is toward extremely 
high pressures, up to 8000 lb. per sq. in., and relatively 
high temperatures. This has imposed unusual re-_ 
quirements as to the positive and accurate seating of 
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the valves. Strains and resultant deformations may 
result from the pressures and from expansion and con- 
traction of parts due to temperature changes. Also, 
dissimilar metals are used such as monel stems and 
chrome steel valve bodies, which have unlike tempera- 
ture coefficients of expansion. Therefore the standard 
motor control with a mechanical limit set for an 
accurate number of turns of the yoke nut would, under 
certain conditions, not close the valve tight, or under 
other conditions it might seat the valve before this 
mechanical limit was reached and thus damage the 
valve seat. 

To meet these conditions, a torque-limit valve control 
has been developed. This control assures the seating 
of the valve at a definite predetermined seating pres- 
sure, or a fixed torque of the motor. 

The controller is provided with a mechanical limit 
which operates while the valve is still at an appreciable 
distance from the seat. When this limit operates a 
torque device relay is cut into circuit and as the valve 
approaches the seat, the seating pressure builds up, 
increasing the current passing through the motor until 
it reaches a predetermined value, at which time the 
motor is disconnected, properly seating the valve. 

The control system allows full torque on the motor up 
to the actual tight seating point of the valve, and this 
type of control should be used for closing all Globe type 
of valves, and for gate type of valves on pressures 
exceeding 450 Ib. per sq. in. and on temperatures of 
500 deg. cent. and above. 

High-Speed Printing Presses. The development of 
high-speed presses for printing newspapers and the 
tendency toward the use of a-c. power has produced 
new problems in the control and drive. 

In operating newspaper presses a two-motor drive 
consisting of a small motor and a large motor, is 
generally used. The small motor operates through a 
gear train and overtraveling clutch, and is used to 
start, inch, and thread the paper through the press, at a 
speed of approximately 1200 papers per hr. The large 
motor which is connected direct to the press, drives it 
during the regular printing operation. The slowest 
speed required is for registering, which is at a speed of 
about 9000 papers per hr. 

Newspaper presses operating at a maximum speed of 
36,000 to 40,000 papers per hr., using 2, 3, and 4 press 
units of 16-page capacity each, are easily controlled and 
operated over the entire speed range either by d-c. 
adjustable speed motors or a-c. slip-ring motors, as the 
a-c. motors can be satisfactorily operated at a reduced 
speed equal to 25 per cent of normal, which is necessary 
to obtain the proper take-off speed. However, on 
high-speed presses operating at 60,000 papers per hr., 
the reduction in speed, without special provision, 
required on the a-c. slip-ring motor is so great that it 
results in breakage of the paper web during the transi- 
tion period when the main driving motor takes the 
load from the starting motor. 
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To obtain satisfactory results on high-speed presses 
driven by a-e. slip-ring motors, a special control equip- 
ment has been developed. The objective is to obtain 
the same take-off speed for registering the web and to 
obtain the same pull on the paper web during the 
transition period, accelerating to the same printing 
speed as is obtained by means of regulating resistance in 
the secondary of the main motor on slower speed presses. 
To accomplish this a torque relay is used in connection 
with the equipment, which controls the torque of the 
press through a torque switch during the transition 
period. As the main motor accelerates, this torque 
relay controls the main motor and interrupts the 
acceleration when a certain speed and torque is reached. 
If, during the transition period, the speed falls below a 
certain point, this torque relay will again close the 
torque switch, tending to accelerate. The slight 
variation in speed obtained at this point is not percepti- 
ble and not objectionable from the printing standpoint. 

The controller is operated from a push button station 
and when the web has been properly registered, the main 
motor can accelerate the press by manipulation of the 
push button station to the proper printing speed. 


To date, a-c. control and drive equipments have been 
designed and operated on high-speed presses consisting 
of one and two 16-page units. Operating three or more 
presses together may involve some difficulties in col- 
lecting the paper webs. 

Paper Machine Drives. A control system has been 
developed for giving remote control of the paper 
speed on sectional paper drives. 

Sectional paper drives are generally operated by 
individual motors which are driven from a common 
generator and the speed is controlled by varying the 
voltage of the generator. In order to obtain stable 
speed the generator is provided with a voltage regulator. 

In the past the voltage of the generator and the speed 
of the drive has been controlled manually at the motor- 
generator set, and the problem resolved itself into 
voltage control of the generator from a remote point 
and still keeping the generator under control of the 
voltage regulator at all times. 

To obtain these results the voltage regulator. operat- 
ing by means of the torque produced in a moving 
electromagnetic system is used. Movement of this 
torque mechanism commutates the generator field 
current directly through regulating resistances. The 
torque system is connected directly across the voltage to 
be regulated and any voltage changes cause a displace- 
ment in the moving element because the torque pro- 
duced in that element operates in opposition to an 
elastic recall system. 

In order to compensate the regulator to cause it to 
regulate at a different voltage, it is only necessary to 
change the resistance in series with the torque coil. 
A motor operated rheostat which simultaneously 
commutates the generator field and the torque resis- 
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tance ia used to effect the voltage change. Proper 
apace resistance relations of the two circuits maintains 
the voltage regulator in operation at all times, 

The voltage regulator and the motor operated rheo- 
atat is controlled by a push button located at the 
machine floor and the speed changes are accomplished 
without the attendance of an operator at the switch 
control, 

Furnace Top Control,. A variable cycle furnace top 
controller for use in connection with the McKee revolvy- 
ing top has been developed, 

In the past it has been the practise to revolve the 
furnace top with the load deposited from the skip 
pocket before dumping into the big bell in accordance 
with a fixed cycle. Most commonly six loads have 
been dumped in succession at six different dumping 
points, With the newly developed controller, it is 
possible to vary the number of loads dumped into 
the different positions from four to nine. This change 


in cycle is being obtained by a manually operated 
awitch on the panel, 


position This type of control 


Kia, 20-—Surervisory Conrrot Boarp or HottaAnyn Tunney, 


insures better distribution in the material in the furnace 
as it is possible to vary the cycle depending upon the 
grade of material, 

Holland Tunnel Supervisory Control. The control 
equipment for the ventilation and operation of the 
Holland Tunnel connecting New York City with New 
Jersey has been designed to be handled by one man. 
This insures a maximum of safety with a minimum 
of operating force. The brains of this system is con- 
centrated at the supervisory control board located on 
the top floor of the New York Administration Building. 
This board is built in the shape of an are and composed 
of seven steel cabinets, as shown in Fig. 20, the cabi- 
nets being formed of sheets of \¢-in. “stretcher-level’”’ 
steel. At the rear and also within the cabinets are 
swinging steel doors, upon which are mounted the 
relays used on conjunction with the system. 

The front of this board is a symbolic representation, 
both of a twin tube and the electrical circuit, including 
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all feeders and motors. The board is divided by black 
vertical strips into five sections representing the four 
ventilation buildings and the mid-river sump. The 
names of the buildings are designated by name-plates 
shown near the top of the board. ‘The two large trough- 
like castings running horizontally, one near the top 
and the other near the bottom of the control board, 
are symbolic of the north and south tubes respectively. 
The plateaus at the ends represent the plazas and the 
arrowheads indicate the directions of traffic. 

Every oil circuit breaker control switch, motor speed 
switch, pump control switch, and their respective 
indicating lamps used in the tunnel equipment is 
duplicated on this board. By means of single direct- 
wire connections and the use of polarized type of relays, 
these various switches can control all the apparatus; 
likewise the lamps will indicate accordingly. The 
scheme of operation of this equipment is not at all like 
the standard supervisory control making use of the 
impulse method of using the automatic machine switch- 
ing apparatus. 

The control switches have a bar-like handle with the 
same finish as the miniature bus into which it is inserted. 
The position of this bar gives the operator a physical 
indication of the oil circuit breaker in addition to the 
indicating lamps. That is, when the control switch has 
been turned to close the breaker, the bar handle will 
be in line with the miniature bus. Likewise, when the 
switch has been turned to trip the oil circuit breaker, ~ 
the handle of the switch will be left in a cross-wise 
position relative to the bus. When the control switch 
is turned to the closed position, its contacts impress a 
certain polarity over the single wire control to a receiv- 
ing relay of the polarized type located in the ventilation 
building near the breaker. To trip same breaker the 
switch, when turned, will impress an opposite polarity 
on the receiving relay. The breaker lamp indication 
is brought back from the oil circuit breaker auxiliary: 
switch to a receiving relay mounted on a swinging door 
in the rear of this control board; the same scheme of 
polarity that was used with the breaker control is 
employed also with the lamp indication. 

At each breaker control switch, there is a green and 
white indicating lamp. The green lamp when illu- 
minated, indicates that the breaker is closed. The white 
lamp has two degrees. of brilliancy; the dim light indi- 
cates that the breaker has been tripped manually, 
while the bright light indicates that the breaker has 
been tripped automatically, due to some fault or failure. 

The large lamp located on the raised part of the 
mimic tunnel, when illuminated, indicates what set of 
motors is feeding that particular section of the tunnel. 
The lamps on the upper raised section, above the 
trough indicates that the motors are being fed from the 
New York feeder, while the lamps on the lower raised 
station below the trough, indicates that the motors 
are being fed from the New Jersey feeder. Note that 
in order to insure continuity of service, each set of 


Oct. 1928 


motors, consisting of a blower and exhaust, can be fed 
from either a New York bus or a New Jersey bus. 

The large indicating lamp located in the trough 
of the mimic tunnel is connected to the carbon-monox- 
ide recorder equipment. The illumination of this 
lamp indicates that there is more than two parts of 
carbon monoxide in 10,000 parts of air in the exhaust 
ducts. The small red lamp located. in line with the 
carbon-monoxide lamp, when brightly illuminated, 
indicates that particular point in the tunnel from which 
the fire alarm has been sent in. The lights along the 
edge of the troughs close to the raised section, indicate 
what lighting cabinet is feeding the tunnel at that 
particular point. 

On account of the method of ventilation used, the 
fans can be run on three different speeds. Conse- 
quently, the engineers selected motors of the wound 
rotor induction type so that speeds could be obtained 
by varying the resistance of the rotor. The three 
switches, grouped together in a vertical center line 
above the three large indicating lamps on the mimic 
tunnel, are for speed control. To select a particular 
speed, the key or handle must be inserted in the cor- 
responding switch. In order to prevent the operator 
from forgetting to select a speed when he starts up 
any one of the fans in that particular section, an alarm 
will be sounded until the speed has been designated. 
The speed equipment consists of contactors with dash- 
pots and a timing relay enclosed in a metal cabinet 
located near each motor in the ventilation building. 
The electric supply for the speed control is taken from 
a small distribution transformer located in the same 
housing as the breaker, which controls the main power 
circuit to the particular motor. As the motors can be 
fed from either New York or New Jersey bus, the small 
distribution transformers will be automatically fed 
from the respective bus. 

As shown on the mimic tunnel, three fans feed each 
section of the ducts. One group of speed control 
switches is supplied for each section so that if three 
fans should be operating at the same time in the one 
section, all will be revolving at the same speed. A white 


- indicating lamp is mounted directly above each speed 


switch; the lamp being illuminated above thecorrespond- 
ing switch of the particular speed selected. 

On the lower half of the left-hand end of the control 
board are shown the three incoming feeders from power 
houses located in New Jersey, each feeder being 
13,200 volt, three-phase, 60 cycles. On the upper half 
of the right-hand end of the board are shown in a 
similar manner the three incoming feeders, having the 
same characteristics as those from New Jersey, from 
power houses located in New York. In line with the 


‘miniature bus for these feeders, are white indicating 


lamps which are known as bus potential pilot lamps. 
These lights have also two degrees of brilliancy, when 
dim indicate that the feeder is alive; when bright indi- 
cate that due to some abnormal condition, the feeder 
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has been opened. The lamp extinguished indicates 
that the bus is dead. 

The incoming lines feed three-winding, air-blast, 
power transformers, which have secondary voltages of 
2300 and 440 volts, these potentials being required for 
the motors.. All oil circuit breakers are of the truck 
type design. The 13,200-volt incoming lines, all tie 
breakers, and the 2300-volt motor breakers are of the 
standard design, while the 440-volt motor breakers, on 
account of their number, are built in two tiers in order 
to save space. 

All the protective relays used on the incoming feeders 
and motor circuits are located in the various ventilation 


buildings near the respective motors. The incoming 


lines are protected against short circuit. The three- 
winding power transformers have differential protection. 
The motors are protected by thermal overload relays 
which take care of excessive temperature rise due to 
overload. This same relay has a short circuit element 
which will act instantaneously if a short circuit occurs. 
To protect the motor during the starting and stopping 
period against failure of the speed control devices, 
and for protection, should the dampers within the air 
ducts be closed while the motors are running, a long 
time-delay undervoltage relay has been supplied. 

From the above description of the supervisory con- 
trol system and its control board, the supervisory opera- 
tor knows and sees exactly how every piece of apparatus 
composing this gigantic network is performing. He 
can tell whether the incoming line breaker is still 
feeding the equipment, or whether it has tripped out 
automatically; whether or not the designated fans are 
running properly at the selected speed; whether the 
percentage of poisonous gas is dangerous in any section 
of the tunnel; if a fire alarm has been sent in, and what 
section is affected. The level of the water in the various 
sump chambers can be determined by certain lamp 
indications. Should any change be made in the 
position of any particular apparatus, due to some 
fault or failure, a bell alarm will be sounded and a 
bright light will indicate the location and character of 
the trouble. 


MISCELLANEOUS APPLICATIONS 


Brick and Clay Industry. This industry is rather 
behind in the application of electrical power, the usual 
excuses being those of excessive dust, sulphur fumes, 
etc. These excuses are proved fallacious by installa- 
tions in other industries. In one of the large Hudson 
River soft mud plants a complete electrified installa- 
tion is now being built. 

The superiority of electrical power over steam in 
clay plants is becoming universally acknowledged 
and practically all new plants are so equipped. 

Ceramic Industry. Electrical energy is now recog- 
nized as an ideal fuel, particularly for ceramic manu- 
facturers. It produces very clean heat, simplifies 
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furnace construction and produces the highest per- 
centage of No. 1 ware. 

Textile Industry. Electric heating was adopted for 
the first time to the cloth singeing machines which are 
used in the finishing rooms of textile mills. The singe- 
ing was previously done by gas or oil heat. 

Most of the singeing machines in operation at present 
are of the horizontal type with burners or hot contact 
plates mounted in horizontal rows so that the cloth is 
in a horizontal position in its travel over them. By the 
adoption of electric heating units, it was possible to 
arrange them vertically over each other in two rows, 
so that the cloth would be in a vertical position when 
traveling over them. 

This arrangement not only makes available the close 
control of the temperature which is characteristic of 
electric heating, but it also reduces the floor space 
required for the machine. 

Bottle Making. The Electrician of November 4, 1927 
describes a new machine put out by European manu- 
facturers which makes over 5000 large bottles an hour 
and smaller ones at a higher rate. The machine is 
driven by a 15-hp. adjustable speed motor and is 
equipped throughout with roller or ball bearings. 

Lighting. The application of an electric flashing 
system and a lantern of new design displaced kerosene 
buoy lights on the New York Barge Canal. 

Artificial light has been further used in the horti- 
cultural field. 

There has been a large increase in the application of 
lighting of special kind in the medical field where cures 
can be effected by the equivalent of sun rays. 

Also in the medical field should be mentioned the 
application of cathode rays and their effects in the pro- 
duction of vitamines in yeast and other foods. This 
research has been aided by the development in 1927 of 
cathode ray tubes for operating potentials of 900,000 
volts. In 1926 the maximum operating potential was 
400,000 volts. The higher potential has increased the 
velocity and range of the cathode ray discharge. 

Under lighting should be mentioned the enormous 
increase in applications of neon tubes for commercial 
advertising. Also the development of a new type 
quartz neon gas-filled lamp which resembles a ball of 
reddish orange fire and has great fog penetrating 
possibilities. 

A unique application of lighting is towards the 
elimination of certain moths and insects. 

Flood lighting has been applied to harvesting opera- 
tions and to the lighting of athletic fields for night 
sports. 

Synchronous Motors on Centrifugal Pumps. The use 
of synchronous motors on centrifugal pumps is increas- 
ing as is noted by the demand for 1800-rev. per min. and 
even 3600-rev. per min. synchronous motors for this 
purpose. 


Oil Engine-Driven Alterrators. A 8750 kv-a., 124- 
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rev. per min., 60-cycle alternator for direct connection 
to a Busch-Sulzer oil engine is being erected by Tucson 
Gas, Electric Light & Power Co. 

High-Voltage Transformers. Three 500-ky-a., 750,000- 
volt transformers have been installed by the Ohio 
Insulator Co. of Barberton, Ohio. In this installa- 
tion, the three transformers are connected in series 
and are thus capable of developing 2,250,000 volts 
above ground. This is said to be considerably higher 
than that developed by any other transformers in the 
world. 

Individual Wire Blocks. The application of individ- 
ual d-c. drive for wire blocks has rapidly increased. 
Between 350 and 400 blocks have now been installed 
in such a drive. The principal advantages are the 
flexibility of the individual drive since the wire block 
may be operated at any speed desired for the particular 
work at hand; smooth easy start which can be secured 
with direct current and the consequent control advan- 
tages in starting the wire through the die; the safety 
features which may be introduced in d-c. motors and 
control. 

Ward Leonard Control. It is very interesting to note 
the number of new applications that have been found 
for this old principle. By the use of Ward Leonard 
control combined with field weakening on the motor, 
speed ranges as great as 20 and even 30 to 1 can be 
secured. With such a Ward Leonard system the con- 
trol is very inexpensive and goes quite a long way to- 
ward paying for the extra expense of an individual 
generator. This type of drive has been used on 
galvanizing take-up frames in several instances. 

Tandem Drive for Strip Mill. Several continuous 
strip mills have been installed in the last year with 
individual motor drive in each of the mills where the 
material is in several mills at the same time but without 
any loops in the steel. This can be accomplished by 
d-c. motors if the motors are carefully tested and cali- 
brated to operate together with special provision in the 
fields for keeping the motors in correct speed relations, 
without developing a loop or stretching the steel. 

Anti-Friction Bearings. The use of ball and roller 
bearings in motor applications has increased at a rapid 
rate. Many companies use this type of bearing 
exclusively. One company reports good success with 
the use of tapered roller bearings and the extension of 
their use to vertical motors, both alternating current 
and direct current, with very satisfactory results. The 
thrust capacity of the tapered roller bearing makes it 
ideal for many applications. : 

Totally Enclosed Fan-Cooled Motors. The totally 
enclosed, fan-cooled motor fills a demand for a moder- 
ately priced machine to successfully operate in the 
presence of dust or gas that has a deteriorating effect 
on insulation. ‘These are generally of two types, those 
with external fans at both ends of the motor, which 
take in the outside cooling air at both ends and blow it 
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towards the center, and those with fans at one end only, 
the cooling air being either drawn or blown across the 
motor from end to end. There is a constantly increas- 
ing demand for these fan-cooled enclosed motors and 
conditions indicate a considerably greater production 
this coming year. 


Texrope Drive. This isa comparatively new develop- 
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ment and was mentioned in a previous report of this 

committee. It is interesting to note that repeated 

tests show a transmission efficiency of 99 per cent for 

recommended maximum load. The large coefficient " 
of friction allows the transmission of full power with a 

small tension on the loose side of the drive and success- 

ful operation with minimum bearing pressures. 


Mining Work 


ANNUAL REPORT OF THE COMMITTEE ON APPLICATION TO MINING WORK* 


To the Board of Directors: 

In reviewing recent progress made in the application 
of electrical power in mines, one is inclined to conclude 
that it has been effected by the general economic con- 
ditions prevailing in the mining industry. Over- 
production facilities in men and mines, labor problems, 
and freight rates are factors which are vitally influencing 
the prosperity and accomplishments of the business. 

Conferences of mine managers and manufacturers of 
mining equipment, together with the meetings of 
engineering societies, indicate that the mechanization 
of mines is making great progress; in fact, definite 
conclusions have been reached that, under many con- 
ditions, mechanization pays. Considering the great 
investment required, and the new problems arising 
in the concentration of men, equipment, and supplies, 
creditable economies are being effected in the mechani- 
cal loading of coal where but an average tonnage is 
obtained’ from the equipment. Mine managers are 
realizing that the successful loading of coal is not 
solved by the purchase and installation of the machine, 
but that it involves many other operations, such as 
mining the coal, car dispatching, transportation, and 
mine planning. The question of cleaning the coal 
must also be included, since machine-loaded coal con- 
tains the impurities which, in hand loading, are left in 
the mine. 

In 1926, about ten million tons of bituminous coal 
were loaded mechanically by 455 machines, this being 
an increase of approximately 60 per cent over 1925. 
While no complete reports are available at the present 
time concerning the number of machines in operation 
during 1927, certain information indicates that there will 
be a decided increase over those used in 1926. Due to 
the suspension of mining in Illinois and Indiana, the 
tonnage loaded in 1927 will not show much increase. 

As the mechanization of mines continues, so does also 
the demand for equipment approved by the United 
States Bureau of Mines. This is due to the fact 
that much of the equipment required in mechanical 
loading and conveying machinery is used at the face 
workings where the maximum danger from gas and dust 
exists. The use of electrical equipment approved by 
the Bureau of Mines is becoming so general that there 
is in operation a bituminous coal mine with a daily out- 
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put of 3500 tons, in which all of the underground electri- 
cal apparatus carries the permissible plate of the 
Bureau. Power for the motors in the mine is supplied 
by storage battery power trucks. 

In some mines, mechanical loading means the use of 
several 125-hp. scraper hoist motors. A loading system 
of this type requires the transmission of power at 
2200 volts. Proper protection is attained when using 
electricity at the above voltage, by the use of metallic 
armored cables placed in intake airways, and supported 
by a steel messenger wire. A cable crossing a track is 
taken underneath it in a conduit or concrete duct. 
Branch line taps are safeguarded with the usual pro- 
tected oil switches. 

The maintaining of a satisfactory d-c. voltage at the 
working face becomes more important each year. A 
200-kw. portable rotary converter with its necessary 
accessories has been profitably used to attain such 
results. The transformers, switchboard, and control 
panels are mounted on trucks with the same gage as the 
mine tracks. A special frame structure is bolted to the 
converter making it possible to attach a truck to it. 
A movement of the entire station is contemplated every 
six months. Experience has shown that a complete 
move requires a period of eight hours. 

An improved electric cap lamp consisting of a two- 
filament gas filled bulb and a bakelite head piece has 
been placed on the market. The new bulb produces 
more light, and the head piece, being an insulator, 
reduces the possibility of accident when worn in the 
vicinity of electrical conductors. When the main 
filament burns out, the auxiliary filament may be 
turned on, thereby enabling the miner to complete his 
day’s work or come out of the mine. As the intensity 
of illumination in the mines is increased, greater safety 
may be expected, and no doubt an improvement in the 
efficiency of labor will follow. 

Comprehensive dispatching systems are being placed 
in operation, their success depending upon a more 
general use of telephonic and automatic signal systems. 
In large mines, a system of this type is necessary to get 
the highest operating efficiency from the haulage system. 
Telephones are used to distribute the cars, and a signal 
system moves the trains over the main haulage roads. 
These systems relieve the mine foremen of considerable 
detail work, and give them more time for other 
important mine management problems. 

The haulage costs in mines with a large output are 
being reduced by the introduction of larger mine cars 
and heavier locomotives. Main line locomotives 
equipped with three axles and weighing 35 tons are now 
being used in mines where two-axle locomotives were 
too small for economical operation. Locomotives of 
this type have an electropneumatic control, air brakes, 
and dynamic braking for handling loads on down grades. 
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An increase in the motor capacity of large locomotives 
is being obtained by the use of forced ventilation, which 
is produced by a separate motor-driven blower mounted 
on the locomotive. The ventilation of the motors has 
been found to double their continuous rating. Not- 
withstanding the additional equipment necessary for 
ventilating the motors, the results obtained are so 
satisfactory that it has been adopted as standard 
practise by some manufacturers building three motor 
locomotives weighing 25 to 35 tons. 

The largest mine locomotive ever built has been 
recently placed in service. It weighs 38 tons, has a 
36-in. gage, and semi-elliptic leaf type springs with a 
three point equalization. Three 133-hp., 500-volt 
d-c. motors with forced ventilation will furnish the 
power. A semi-magnetic control arranged for series 
parallel operation of the motors in either direction 
constitutes the control equipment. The drawbar pull 
on level track at 3314 per cent adhesion will be 23,333 
Ib. at a speed of 7.4 mi. per hour. 

Mechanical loading has concentrated and inereased 
the service required from gathering locomotives to such 
an extent that heavier and slower speed locomotives 
are proving to be the best type. A reduction in the 
speed of gathering locomotives to 314 mi. per hour 
makes it possible to do the same work with a consump- 
tion of 20 to 40 per cent less power. 

The transportation of coal long distances by belt 
conveyors instead of locomotives is making progress. 
Mines in which the coal travels from the face to the 
tipple on conveyors are possibilities. 

The world’s largest electrically operated shovel will 
go into operation during this year in the open-pit mines 
of Illinois. It is equipped with a 15-cu. yd. dipper, and 
a boom 120 ft. long. Two 450-hp. motors will pro- 
vide the power for hoisting, and two 150-hp. motors 
will do the swinging. A Ward Leonard control will be 
used, involving a motor generator set, the synchronous 
motor of which will have a capacity of 1700-kv-a. 
Shovels of this size will reduce the unit cost of the 
material handled, and make it possible to increase the 
ratio of overburden to coal in strip mining. 

Where gaseous mines are being supplied with elec- 
trical power from large public utility plants over long 
transmission lines, installations are being made which 
will make it possible to operate the fans, and to hoist 
the men during periods when the normal supply of 
power has failed. An installation of this type consists 
of two fans, and a man hoist driven by a-c. motors, 
three-phase, 60 cycles, and 2200 volts. When an 
interruption of the power occurs, the above equipment 
is supplied with power at 40 cycles, and 1500 volts. 
Under these conditions, the control apparatus will 
function properly, and the motors will operate at two- 
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thirds speed, which is sufficient to keep the mine clear 
from gas and to hoist the men. The emergency power 
is produced by a gasoline-engine-driven, 200-kv-a. 
generator capable of being started by a push-button 
in case of a power interruption. 

A notable electrification program of a large copper 
mining company has just been completed. The com- 
plete electrification of its 28 mines with a connected 
motor load of about 65,000 hp. shows that electrical 
power is an important factor in the copper industry. 
Engineers have overcome many difficulties in the instal- 
lation and maintenance of electrical apparatus in 
copper mines, where the action of copper sulphate 
is so harmful. 

In another open-pit copper property, there are 23 
electrically-operated shovels in service. This year the 
entire steam haulage system consisting of 52 steam 
locomotives will be replaced by 37 trolley locomotives 
each weighing 75 tons. 

In hard rock ore mines, as distinguished from coal 
mines and other soft ore mines, experiments are being 
conducted on the electrical equipment required by 
loaders, slushers, and other machinery. Much progress 
is being made in the adaptation of motors to this excep- 
tionally severe service. 

Automatic controls for mine substations, fans, pump- 
ing plants, and air compressors are being contin- 
ually developed and placed in operation. At the 
present time there are about 200 automatic pumping 
stations in operation in the anthracite coal field, repre- 
senting an annual saving in labor cost of approximately 
$500,000. The automatic stopping and starting of air 
compressors has been developed and several are in 
successful operation. 

A rather unigue application of electricity in the 
mining industry consists in using it for heating the 
bathing water for those employees who work on holidays 
or during periods when most of the regular force is idle. 
In one instance, a steam plant is necessary to heat the 
water for the normal force of 600 men, while during 
idle days, immersion heating units in a tank provide 
sufficient hot water for the reduced force of 25 men. 

It is becoming more noticeable each year that the 
managers of the mines are giving more attention to the 
maintenance and care of the electrical equipment, 
resulting in a decreased maintenance cost and a better 
operating efficiency. The mine electrician in charge of 
the electrical equipment is given more authority and is 
directed by the electrical engineer in all technical 
questions. Frequent inspections of the mine by the 
engineer and the electrician, together with a good 
operating organization materially reduce the number of 
equipment failures, so disastrous to good production. 


Marine Work 


ANNUAL REPORT OF COMMITTEE ON APPLICATIONS TO MARINE WORK* 


To the Board of Directors: 

The activities of the Committee on Applications to 
Marine Work this year were devoted chiefly to the 
dissemination of the Marine Standards (A. I. E. E. 
Standard No. 45), cooperation with the N. F. P. A. 
(Committee on Fire Detection and Alarm), cooperation 
with the American Marine Standards Committee on 
specifications for water tight receptacles, and the ex- 
penditure of further efforts to induce the U. 8. Steamboat 
Inspection Service to recognize and properly classify the 
electrical engineer on shipboard. 

A. I. E. E. Standards No. 45 were issued in June 1927. 
The committee this year made a special effort to dis- 
tribute the Standards to all departments of the marine 
industry likely to be interested and as a result of this 
campaign 750 copies were sold. 

The Standards are recognized and accepted by the 
various marine classification and insurance societies, 
naval architects and marine engineers, and are incor- 
porated as one of the regulating provisions in their 
specifications. A. I. E. E. Standards No. 45 are there- 
fore a recognized success and will serve to standardize 
the electrical installations on shipboard and to stimu- 
late the use and proper care of electrical machinery in 
the marine field. 

The Conference Committee on Fire Detection and 
Alarm requested our cooperation in connection with 
recommendations which it was preparing forthe Steam- 
boat Inspection Service, of fire alarm and fire detecting 
systems. In compliance with this request, our com- 
mittee reviewed its proposed recommendations in 
detail and subsequently held a joint meeting with its 
representatives, at which all points of difference were 
discussed. 

The committee also cooperated with the special 
committee on water tight receptacles appointed by 
the American Marine Standards Committee of the 
Bureau of Simplified Practise, to draw up specifications 
for water tight receptacles for shipboard service. 

Considerable time was spent in connection with the 
proposition of inducing the U. S. Steamboat Inspection 
Service to make provision in its regulations for the 
proper rating and classification of the electrical engineer 
on shipboard. To this end, our committee prepared its 
report containing a statement of the status of the 
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present electrical personnel, reasons for higher and 
proper rating and recognition of the electrical engineer 
on board ship, together with a suggested list of ratings 
and grades for the electrical personnel of the various 
classes of ships. These recommendations were made 
in such manner as to permit licenses in the different 
electrical grades being taken out by those of the present 
steam and Diesel classified engineers who qualified. 

This report was presented by our subcommittee on 
personnel at the annual meeting of the U. S. Steamboat 
Inspection Service in Washington in January. Al- 
though final action was deferred by the Steamboat 
Inspection Service at its annual meeting, it decided to 
take our recommendation under consideration in the 
regular routine of its body and prepared plans to cir- 
cularize the marine operators for the purpose of solicit- 
ing their opinions in the matter of classifying electrical 
personnel. It is felt that favorable action will be taken 
by the Steamboat Inspection Service and its regula- 
tions modified in the course of time. Our sub- 
committee on personnel is keeping in close touch with 
the situation. . 

In addition to the above chief items considered by the 
committee this year, the question of revision of present 
specifications was taken under advisement and arrange- 
ments made to keep the specifications up to date auto- 
matically by considering and acting upon all proposed 
changes as they are presented. In this way the time 
and effort required to get out the revised issue when 
necessary will be considerably minimized. 

The outstanding electrical developments in the 
marine field during the past year are as follows: 

1. The construction of five 3000-ship hp. turbine- 
electric drive U. 8. Coast Guard Cutters. 

2. The placing in service of the S. S. California, an 
18,000-ship hp. twin-screw turbine-electric drive passen- 
ger ship for the Panama Pacific Steamship Line. A 
sister ship to the California is now under construction. 

3. The conversion by the U. S. Shipping Board of 
three of their largest cargo vessels (Courageous, Defiance, 
and Triumph) to Diesel electric drive. These vessels 
will have machinery suitable for 4000-ship hp. normal 
and 4500-ship hp. maximum continuous. 

Besides the above chief developments there has been 
a number of smaller craft equipped with electric pro- 
pulsion. The application of electrical equipment to 
ships is continuing at an increasing rate and the future 
looks hopeful indeed. 

With the passage of the Jones-White bill and its 
approval by the President, the American Merchant 
Marine has received its first real encouragement since 
the World War period. This bill contains several pro- 
visions which will undoubtedly stimulate the American 
marine industry. We can anticipate rapid develop- 
mentsin which electricity will play a very importantrole. 


Electric Transportation 
ANNUAL REPORT OF COMMITTEE ON TRANSPORTATION*« 


To the Board of Directors: 


The application of electricity to transportation pro- 
ceeded during 1927 at a healthy rate, and new develop- 
ments in apparatus and equipment continued, several 
interesting applications being introduced during the 
year. 

STEAM RAILROAD ELECTRIFICATION 


Although no new electrification projects of major 
importance were completed during the year of 1927, 
two extensions were opened which had as their particu- 
lar aim the further simplification of electric operation 
already existing, viz., the Bay Ridge extension of the 
Long Island Railroad permits electrically-operated 
freight trains from the New York, New Haven & 
Hartford Railroad to pass over the Hell Gate Bridge 
Route to the tidewater freight terminal at Bay Ridge, 
Long Island; the Chicago, Milwaukee, St. Paul & 
Pacific Railroad has electrified its passenger terminal 
in Seattle, Washington, together with its line from 
Black River Junction over which trains had previously 
been handled by steam power. 

Of the incompleted projects: the Pennsylvania Rail- 
road will place in service shortly its suburban electrifi- 
cation from Broad Street Station, Philadelphia, to Wil- 
mington, Del. and West Chester, Pa. The Great Northern 
Railway is proceeding with the extension of electric 
operation from Cascade Tunnel to Wenatchee, Wash- 
ington. The New York Central Railroad is electrifying 
its west side freight yards in New York City. The 
New York, Westchester & Boston Railway is continuing 
its line to Port Chester, N. Y. The Detroit, Toledo & 
Ironton Railroad is working on the extension of its 
existing electrification from Flat Rock on to Petersburg, 
Mich. 

The principal new project getting under way at the 


present time is the electrification of the suburban lines . 


of the Reading Company around Philadelphia, Pa. 
It has been announced also that the Boston, Revere 
Beach & Lynn Railroad is planning to electrify its line. 

Of electrifications placed in service during the year of 
1926, one of the most interesting, the Chicago Terminal 
electrification of the Illinois Central Railroad, reports a 
marked increase in traffic and revenue for the first year 
of operation.! 

Long Island Railroad. The Bay Ridge extension 
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of the Long Island Railroad has been electrified with the 
11,000 volt overhead catenary, single-phase, 25-cycle 
system for freight operation. This line joins the Bay 
Ridge freight terminal of the Long Island Railroad with 
the New York Connecting Railroad’s Hell Gate Bridge 
Route to the New York, New Haven and Hartford 
Railroad at Port Morris, N. Y. The route is 20 miles in 
length. 

Power is transmitted over a 22,000-volt, three-wire 
system with 11,000 volts between trolley and ground, 
and is received from the New Haven Railroad distribu- 
tion system; in emergency it can be obtained from one 
5000-kw. variable ratio frequency changer at the Long 
Island’s East New York substation. This frequency 
changer is normally used as a synchronous condenser 
for power factor correction. No. 4/0 copper feeder 
wires are connected to the trolleys through auto- 
transformers at six balancer substations, four of which 
are on the Long Island and two on the New York 
Connecting Railroad. 

The catenary system is non-ferrous with a single 4/0 
bronze contact wire, copper auxiliary wire and high- 
strength bronze messenger wire. Inclined catenary is 
used in general on curves. The supports consist largely 
of rolled structural “H’ beams. Rails are bonded 
with two No. 1 copper, 37-strand flame-welded bonds 
per joint. ' 

The seven double-unit, gear-drive locomotives built 
for switching service have a wheel arrangement of 
0-6-0 + 0-6-0, and weigh 158 tons each. The six 
motors on each complete locomotive are rated at 235 
volts and operate with forced ventilation. The 
maximum starting tractive effort is 100,000 lb. and can 
be obtained up to 714 mi. per hour. The maximum 
operating speed is 25 mi. per hour. Through traffic is 
handled by New Haven locomotives. 

In addition to the Bay Ridge a-c. electrification, the 
Long Island Railroad is adding to its d-c. operation to 
the extent of 75 mi. of freight tracks and sidings, which 
will allow electric operation of all freight service within 
the electrified portion of the railroad. The work is 50 
per cent completed and is to be completed by October 
1st, 1928. A special ‘‘T” section third-rail of high 
conductivity is being used for all sidings and yard 
tracks. 

Chicago, Milwaukee, St. Paul & Pacific Railroad. 
The western terminal of the Chicago, Milwaukee, 
St. Paul & Pacific are Seattle and Tacoma, Washington. 
Electric service ran into Tacoma, and service to Seattle 
had been handled by steam from Black River Junction. 
During the year of 1927, the line, 10 mi. of double track 
from the junction into Seattle, was electrified. Power 
is furnished from the earlier electrification through the 
overhead distribution system, and no new substations 
were constructed. This electrification is 3000-volt, 
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d-c., with an overhead catenary system having a double 
contact wire. 

Pennsylvania Railroad. The Pennsylvania Railroad 
is completing the electrification of its suburban service 
from Philadelphia, Pa., to Wilmington, Del., on its main 
line to Washington, and to West Chester, Pa., on the 
Wawa Branch. This project was outlined in last 
year’s report. Overhead catenary is used, energized 
with 11,000-volt, 25-cycle, single-phase current. 

Great Northern Railway. The project of the Great 
Northern Railway to electrify its line between 
Wenatchee and Skykomish, Wash., is proceeding 
rapidly. Grade and curvature realinements are being 
made, and the new Cascade Tunnel from Berne to 
Scenic, (7.79 mi. long) is more than 65 per cent com- 
pleted. Electric operation, which now extends from 
Skykomish through the old Cascade Tunnel, is to be 
extended through the new tunnel and on to Wenatchee 
before the end of 1928. The project will operate on 
11,000-volt, single-phase, 25-cycle power, using motor 
generator locomotives with d-c. traction motors. 

Orders have been placed for locomotives similar to 
those which are now in operation; that is, two additional 
type 2-6 + 6-2 and two additional type 2-8-2 + 2-8-2 
locomotives, having continuous ratings of 3000 hp. and 
3660 hp. respectively. : 

New York Central Railroad. The New York Central 
Railroad is proceeding with the electrification of its 
west side yards in New York City. The overhead trol- 
ley system at 600 volts d-c. is to be used as far down 
town as 60th Street. Below this the motive power will 
be self-contained power units. 

New York, Westchester & Boston Railway. The 
New York, Westchester & Boston Railway is completing 
the extension of its Port Chester, N. Y., line as far as 
Rye, N. Y. Multiple unit suburban service is operated 
on 11,000-volt, 25-cycle, single-phase power. 

Detroit, Toledo & Ironton Railway. The Detroit, 
Toledo & Ironton Railway is proceeding with the 
electrification of 26 mi. of line from Flat Rock to Peters- 
burg, Mich. This will be an extension of the existing 
11,000-volt, 25-cycle, single-phase electrified line de- 
scribed in last year’s report, which runs from Fordson 
to Flat Rock, Mich. 

Reading Company. The Reading Company is plan- 
ning extensive improvements in its Philadelphia 
facilities, and expects to electrify 85 mi. of track with a 
11,000-volt, 25-cycle, single-phase system. 

Power will be furnished to this electrification over 
22,000-volt feeders by a three-wire system with 11,000 
volts between the overhead catenary and ground. 
The eventual program calls for transmission between 
substations at 66,000 volts. 

The initial project comprises multiple unit service 
from the Reading Terminal in Philadelphia to Chestnut 
Hill, to Lansdale on the Bethlehem Branch and to 
Hatboro. 

Boston, Revere Beach & Lynn Railroad. The Boston, 
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Revere Beach & Lynn Railroad, a narrow gage line 
running out of Boston, Mass., plans to electrify a route 
of 15 mi. It is proposed to use a 600-volt overhead 
catenary system for multiple unit operation. 


CITY AND SUBURBAN RAILWAYS 


On electric street railways increased acceleration is 
being obtained by the use of light weight cars and more 
powerful motors with the latest design of control, thus 
tending to relieve congestion on city streets. 

Trial installations of the new type of drive mentioned 
in last year’sreport have been put in service in a number 
of instances. This is the automotive type propeller- 
shaft drive by which unsprung weight is greatly reduced, 
with a corresponding reduction in noise and main- 
tenance. Improved installations have been made in 
reduction gear drive with entirely spring-suspended 
motors having a flexible driving joint. 


MARINE PROPULSION 


The largest turbine-electric passenger ship, California, 
was launched October ist, 1927. The displacement is 
30,250 tons. Power is supplied to the propellers by two 
synchronous induction type motors each with a maxi- 
mum continuous rating of 8500 ship hp. at 120 rev. per 
min. 

The installation of Diesel-electric drive has been 
extended during the year to include three new light- 
ships for the Department of Commerce as well as coast 
guard cutters, large double-ended ferry boats, a packet 
boat, and cargo boats. 


Bus TRANSPORTATION 


Gas-electric drive for motor buses and motor coaches 
is increasingly popular. Experiments have been made 
on electric transmission for taxicabs. 

RECENT DEVELOPMENTS 


Diesel Electric Locomotives. The past year brought 
forth a novel arrangement of the Diesel engine prime 
mover with electric drive: 

In electrification of its west side yards in New York 
City the New York Central Railroad has decided to use 
an overhead contact wire within the city limits only as 
far down town as 60th Street. Below this point it is 
desirable to employ a self-propelled unit. The loco- 
motive chosen for this service, therefore, operates on 
third rail or trolley at 600 volts d-c., or can be propelled 
by power from a self-contained 300-hp. Diesel engine- 
driven generator, augmented for peak requirements by 
a storage battery. When load requirement is for less 
than 300 hp. the current from this battery is replaced 
by the generator. 

Gasoline-Electric Rail Cars. During the year of 
1927, approximately 150 gasoline-electric motor rail 
cars were ordered by the railroads of the United States. 
One 300 hp. oil-electric car was placed in service. 

Trolley-Storage Battery Locomotive. Two electric 
locomotives furnished with power from a storage 
battery and also from an overhead trolley wire are in 
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service for yard switching service on the Chicago, 
North Shore & Milwaukee Railroad. When the 
locomotive is receiving current from the trolley the 
battery is charged by a motor-generator set. 


High-Speed A-c. Circuit Breakers. Although oil 
circuit breakers with rapid operating characteristics 
have been available for several years in a-c. switching, 
one of the most interesting developments of the past 
year has been the construction of an air circuit breaker 
for operating on 11,000-volt a-c. circuits and having 
speed characteristics similar to d-c. installations 
This type, as well as oil circuit breakers operating 
on the same principle, is to be used by the Pennsyl- 
vania Railroad on its extension of electrified suburban 
service around Philadelphia. 

Overhead Catenary. The construction of overhead 
catenary on the Great Northern Railway electrification 
from Skykomish to Wenatchee, Wash., isan application 
of the formula proposed by O. M. Jorstad? for inclined 
catenary. 

Supervisory Control. All four transformer substa- 
tions on the Philadelphia to West Chester electrification 
of the Pennsylvania Railroad are to be controlled from 
the Wawa signal tower by supervisory control. The 
synchronous visual type is being installed. 

Another interesting installation of supervisory control 
is the West Hempstead substation of the Long Island 
Railroad, now under construction, at which three 
1000-kw. mercury arc rectifiers are controlled from 
Mineola substation two miles away.. The rectifiers 
can be started by the supervisory system in approxi- 
mately 20 sec. 


Train Communication. Radio communication be- 
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tween locomotive and caboose and between train and 


. Station has been the subject of considerable experiment. 


An installation of this type is in service on the New 
York Central Railroad. 


Mercury Arc Rectifiers. The use of the mercury are 
rectifiers in electric railway substations is still limited 
to a few installations. A summary of the operating 
experience of one railroad with this equipment is 
contained in a paper entitled Operation and Performance 
of Mercury Arc Rectifiers on the Chicago, North Shore & 
Milwaukee Railroad Company. This paper was pre- 
sented by Caesar Antoniono at the Regional Meeting® 
in Chicago, Ill., November 28-30, 1927. 


TECHNICAL PAPERS 


The committee has obtained for presentation at the 
1928 Summer Convention a group of interesting papers. 
They are as follows: 

High-Speed Circuit Breakers, by J. W. MeNairy, 
General Electric Company. 

The High-Speed Circuit Breaker in Service on the 
Illinois Central Railroad, by W. P. Monroe and R. M. 
Allen, Illinois Central Railroad. 

Arrangement of Feeders and Equipment for Electrified 
Railways, by R. B. Morton, Gibbs & Hill, New York, 
Nye 

Operating Experience with High-Speed Oil Circuit 
Breakers, by B. F. Bardo, New York, New Haven & 
Hartford Railroad. 

High-Speed Circuit Breakers for Railway Electrification 
Work, by H. M. Wilcox, Westinghouse Elec. & Mfg. Co. 

Protection of Electric Locomotives and Cars to Operate 
with High-Speed Circuit Breakers, by E. H. Brown, 


Pennsylvania Railroad Co. 


3. A. I. E.E. Quarterty TRANS., Vol. 47, 1928, No. 1, p. 228. 


Electric Welding 


ANNUAL REPORT OF THE COMMITTEE ON ELECTRIC WELDING 


To the Board of Directors: 

During the past year, marked progress has been made 
in the application of electric welding to an increasing 
number of industrial uses including welding of pipe, 
pipe lines, structures, and cracking stills for gasoline 
production. A few outstanding applications are men- 
tioned by way of example in the following paragraphs. 

One of the largest welding jobs completed during the 
year was the Mokelumne River Project, a pipe line 
supplying water to Oakland and other Bay Cities near 
San Francisco. This line is 90 mi. long. The pipe is 
66 in. in diameter and its thickness varies from %% in. 
to 54 in. depending on the water pressure in the par- 
ticular section of pipe. This job is completed and is, 
so far as known, the largest single job of welding which 
has ever been undertaken. 

This pipe was so large that it was necessary to join 
two plates in order to get the required diameter, one 
joint being made on each side of the pipe. ‘These were 
welded by the automatic carbon-are welding process. 
After each section of the pipe was welded, it was tested 
by hydraulic pressure at a fiber stress of about 23,000 
lb. per sq. in., and while under this pressure, heavy 
sledges were dropped from a 4-ft. height on each side 
of the joint, the sledges being one foot apart. This 
gave a shock test to the joint at the time when it was 
subjected to the maximum hydraulic pressure. 

The contract price on this job of are welding was 
twelve million dollars. The best figure offered for the 
same pipe riveted was fifteen million dollars, 

During the year, 45 mi. of 7-in. oil pipe line was 
electrically are welded in Louisiana. The pipe was 
made in the ordinary way and the ends of the pipe were 
welded. The chief advantage of this method is that 
the finished pipe line is free from the leakage that some- 
times occurs at joints made by threaded couplings 
in the old way. 

This pipe was welded at $1.25 per joint contract price. 
According to the people who did the welding, the actual 
cost was 58 cents per joint. The best proposition for 
welding this pipe by any other method than the metallic 
are was $2.75 per joint. 

During the year, a number of cracking stills for the 
production of gasoline from crude oil were welded by the 
A. O. Smith Corporation. They have been put into 
service for carrying pressure as high as 1000 Ib. to the 
square inch and a temperature as high as 900 deg. fahr. 
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This is work which can be done only by the welding 
process. The results cannot be accomplished at all 
by the older riveting process. 

Four papers on electric are welding were presented 
at the Winter Convention of the Institute. One of 
these papers by J. B. Green! of the Fusion Welding 
Corporation dealt with the influence of the covering 
of the electrode on the characteristics of the are. Dur- 
ing its presentation slow-motion pictures of the are 
taken with infra-red light were shown. These dis- 
closed how the metal goes across the are from the 
electrode to the work. 

The paper by P. Alexander’ of the Research Depart- 
ment of the General Electric Company at Lynn, Mass., 
dealt with the influence of the surrounding atmosphere 
on the are. 

The paper by A. M. Candy? of the Westinghouse Elec- 
tric & Manufacturing Company described a five-story 
building recently erected by welding, and a paper by 
A. P. Wood‘ of the General] Electric Company described 
what is being done at Schenectady in the way of welding 
electric machines of all descriptions. 

Since that time, a bridge has been erected by welding 
by the Westinghouse Company at their plant at 
Chicopee Falls. This bridge has 80 tons of structural 
steel in its construction and would have required 120 
tons if it had been erected by the riveting method in 
the regular way. 

Early in 1928 three prizes offered by the Lincoln Elec- 
tric Company for the best papers on electric are welding 
through the American Society of Mechanical Engi- 
neers were awarded by a committee of seven judges 
representing the Engineering Societies and the Bureau 
of Standards. 

The first prize of $10,000 was awarded to J. W. 
Owens of the Newport News Shipbuilding & Dry Dock 
Company, for a paper on “Electric Are Welding in 
Ship Construction.” 

The second prize of $5000 was awarded to Professor 
H. Dustin of Brussels, Belgium, for a paper covering the 
method of calculating the strength of welding, giving 
data not heretofore available. 

The third prize of $2500 was awarded to H. E. 
Rossell of the Philadelphia Navy Yard on the use of 
electric are welding in the construction of bulkheads. 

The American Welding Society has had committees 
on structural-steel welding and on pressure-vessel 
welding at work during the year and substantial prog- 
ress has been made in the work of the committees, 
although no final report has been issued. 

J. C. LINCOLN, Chairman. 
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2. Ibid., p. 706. 
3. Ibid., p. 711. 
4; Ibid, p..717, 
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To the Board of Directors: 
Your committee is pleased to present the following 


_ statement covering the progress of development in 


applications in the Iron and Steel Industry during the 
year ending July 31, 1928. 

Constantly during this period the iron and steel 
industry has added to its general electrical equipment. 
These general additions have been towards modernizing 


of existing installations quite as much as anything, 


and all effort is directed steadily towards reduction in 
production costs by addition of improved machinery. 

_ The tendency to increase blast furnace equipment is 
not present and this may be said to be true generally 
of the fundamental processes of smelting iron ore, 
in coverting iron into steel or in rolling the steel into 
the primary shapes. Such electrical additions as have 
been made in the foregoing are in the nature of changes 
of older equipment to modern. 

The principal interest during the current term has 

been in the finished product mills which we shall term 
the secondary mills. 
- Predominant in this regard are installations in strip 
mills and in cold rolling, these electrical installations 
being modern and recording definite advance in the 
production of hot strip steel and in cold rolled strip. 


*APPLICATIONS TO IRON AND STEEL PRODUCTION: 


_ A, G. Pierce, Chairman, 


ih 


A, ©. Bunker, 8. L. Henderson, F. O. Schnure, 
F. B. Crosby, O. Needham, J. W. Speer, 
A. C, Cummings, A. G. Place, G. E. Stoltz, 
M. M. Fowler, T. S. Towle, 


Iron and Steel 
ANNUAL REPORT OF COMMITTEE ON APPLICATIONS TO IRON AND STEEL* 


Close regulation of the mill drive is required and to 
give this, motors and control have been developed and 
installed. Micrometric adjustment of the rolls has 
been obtained through motors and control specially 
designed for the purpose. The reeling of the strip 
steel has been accomplished automatically by mechan- 
ical tools, electrically driven and controlled. This 
accomplishment marks a definite advance in the pro- 
duction of perfect strip steel. 

Steady improvement in detail of motors and control 
for such service is shown in the apparatus installed, 
and this is marked rather than any positively new 
product of our industry. 

Throughout the term your committee has kept in 
touch with the proceedings and personnel of the Asso- 
ciation of Iron and Steel Electrical Engineers. It has 
been our purpose to help the Association as we may and 
its proceedings again are referred to the Institute as 
the most complete record available of developments 
electrically in the Iron and Steel Industry. 

In conclusion, your committee commends the plan 
of keeping continually in touch with the Association 
of Iron and Steel Electrical Engineers, giving it service 
wherever possible and bringing to the Institute its 
reports and findings, with suitable recognition. Your 
committee just concluding its services takes this means 
of acknowledging and expressing its appreciation of the 
assistance rendered by these reports for the current 
term, as well as by the constant contact with repre- 
sentatives of the Association. 

A. G. PIERCE, Chairman. 
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High-Speed Circuit Breakers 


J. W. McNAIRY* 


Associate, A. I. E. E. 


Synopsis.—High-speed circuit breakers have been successfully 
applied to d-c. railway systems for a number of years, but designs 
suitable for application on 12,000-volt single-phase systems have not 
been available until recently. 

A description of an air circuit breaker design suitable for 12,000- 
volt applications and having a speed of operation comparable with 
the d-c. type has been included. 

The method of applying the magnetic type of mechanism pre- 
viously used for d-c. breakers to the a-c. type breaker has been 


I. INTRODUCTION 


IGH-SPEED circuit breakers were first applied on 
H d-c. railway systems for the protection of commu- 
tating apparatus against the effects of short 
circuits or flashover. Later development led to their 
application to all of the power circuits of this type of 
system. A paper describing the principal features of a 
complete breaker installation of this type on the d-c. 
terminal electrification of the Illinois Central R. R., 
Chicago, was presented at the June 20, 1926 meeting of 
the A. I. E. E.t Reference was made at that time to 
the development work being carried on in connection 
with a-c. applications. 

The higher voltages of the trolley network of the 
usual a-c. system make high speed operation of circuit 
breakers more difficult and progress has, therefore, 
not been as rapid as with the d-c. type. Some applica- 
tions to railway feeders of a-c. breakers designed to 
operate considerably faster than the usual oil breaker, 
have been made in the past, but speeds approaching 
that of the d-c. breaker have only recently been 
attained. 

Both oil and air break types having a speed of oper- 
ation comparable with the d-c. type have recently been 
developed and commercial designs suitable for a-c. 
voltages up to 12,000 volts are now available. 

The application of an air circuit breaker to this type 
of service marks the first application of breakers of the 
air type to moderately high a-c. voltages. 


II. ADVANTAGES OF HIGH-SPEED OPERATION ON A-C. 
RAILWAY CIRCUITS 


Short circuits are necessarily more frequent on rail- 
way systems than on other types of power distribution 
networks, because of the nature of the service. High- 
speed operation of the protecting breakers for single- 
phase a-c. systems reduces the effects of short circuit 
stresses on transformer and generator windings and 
limits burning of insulators, conductors, or parts of 

*Railway Equipment Engg. Dept., General Electric Co., 
Erie, Pa. 

tA. I. E. E. Trans., Vol. XLV, 1926, p. 962. 


Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


described. The theory of the operation of the saturated transformer 
type of trip circuit used for this purpose has been given. 

Typical oscillograms of short circuit tests showing the high 
speed of operation on a-c. circuits are included. 

The method of obtaining selective operation in connection with 
railway feeder circuits has also been outlined. 

The use of this type of breaker on a 12,000-volt single-phaze system 
makes possible the same degree of protection and selective operation 
as is now being realized on d-c. systems. 


motive equipment from arcs resulting from these short 
circuits, in the same manner as on d-c. applications. 
Breakers of this type are frequently effective in pre- 
venting the burning off of trolley wires in case of an 
insulator, arc-over thereby minimizing delays in service 
from this source. 

One of the most important problems in connection 
with a-c. railway electrifications is that of inductive 
interference with adjacent communication and signal 
circuits under short circuit conditions. The low impe- 
dance of the grounded track return circuit results ina 
maximum current in case of failures of the trolley 
circuit, and the ground current is, therefore, usually 
limited only by the impedance of these metallic con- 
ductors. The railway circuit differs in this respect 
from the usual power circuits where there is no ground 
metallic return circuit. Induced voltages in adjacent 
low voltage circuits are therefore, on the average, 
higher and appear more frequently than in regions 
where ordinary power distribution networks are located. 

It is expected that the application of high speed 
breakers to the a-c. railway system will greatly reduce 
this interference by reducing to a minimum the dura- 
tion of induced voltages in the parallel circuits. The 
reduction in the duration of the induced voltage mini- 
mizes the duty on protective devices in the communica- 
tion circuits and it is expected that the false operation 
of relays, bells, and other devices, resulting from this 
induced voltage will be eliminated to a great extent. 
This is, perhaps, one of the greatest benefits to be 
derived from the application of this type of circuit 
breaker to the a-c. railway feeder. 


Ill. SPEED OF OPERATION 


The total time required for the operation of the usual 
a-c. circuit breaker may be divided as follows: 1, time 
required for relay operation, 2, time required for the 
separation of contacts, and 3, time required for extin- 
guishing the arc. 

In some forms of breakers, particularly those the 
subject of this paper, the relays have been eliminated, 
the circuit breaker being operated directly by the short 
circuit current. 

The speed of operation of the mechanism is more or 
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less definitely fixed by the mechanics of the device and 
separation of the contacts occurs at a definite time after 
the trip point is exceeded. 

For a-c. applications, the preferred breaker is one 
which opens the circuit at the normal zero point of the 
current wave, thereby avoiding undesirable voltage 
transients. Since separation of the contacts may occur 
at any instantaneous current value depending upon the 
magnitude of the short circuit current and the dis- 
placement of this current wave, the arc extinguishing 
system should be so proportioned that the current will 
not be forced down too rapidly before a normal zero 
point is reached. 

This is usually not difficult since at zero current no 


energy is delivered to the arc and itis most easily extin-. 


guished at this point. It is possible, however, to 
design high speed breakers having too powerful a 
blowout or current rupturing system so that when the 
first short circuit current loop approaches a cycle in 
duration, and the contacts open when the line current 
is near the peak of the wave, the circuit may be opened 
too rapidly and undesirable transient voltages may 
result. 

It is sometimes assumed that most failures onasingle- 
phase 12,000-volt system occur at the peak of the 
voltage wave and, therefore, the usual short circuit is 
symmetrical with a duration of a normal half cycle 
for the first current loop. A great many short circuits, 
however, are produced mechanically, the conductors 
coming together so that the short circuit is established 
at any point on the voltage wave. Records obtained 
during experimental investigations using contacts in 
both air and oil for applying short circuits at 12,000 
volts show transients having all degrees of displacement 
of the current wave. 

The duration of the first loop of current is, therefore, 
frequently less than one-half of a normal cycle. The 
magnitude of the current of such a first loop is not a 
fair indication of the severity of the short circuit and the 
breaker does not receive full tripping current or current 
through the blow-out system until after the second 
current loop is reached. 

The design of a breaker to limit all short circuits to a 
single loop of current, therefore, is difficult and if suc- 
cessful, the relatively powerful current rupturing system 
might reduce the current at a dangerous rate when the 
first loop approaches a cycle in duration. 

It therefore appears that the most logical design of an 
a-c. breaker is one capable of opening heavy short 
circuits at the first zero after a current loop having a 
duration of one-half a normal cycle or longer. 


ty. Om vs. Air TYPE BREAKERS 


One method of obtaining high speed operation is 
greatly to increase the mechanical speed of the conven- 
tional type of oil breaker so that sufficient are length is 
obtained in the specified time for the interruption. 
This means the exertion of relatively great operating 
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forces either by powerful springs or solenoids with a 
corresponding increase in the mechanical difficulties in 
starting or stopping the mechanism. 

One of the most effective means of rapidly increasing 
the arc length is by means of the magnetic blow-out. 
By properly directing the forces exerted on an arc 
stream drawn between contacts of a circuit breaker by 
the fields of the blow-out coils, the arc can be lengthened 
at almost any desired rate. The contacts of the 
breaker therefore need only be separated sufficiently 
to stand the voltage as the circuit is opened by the 
collapse of the are stream. By applying the magnetic 
blow-out to an oil breaker, the necessary contact 
separation at the instant the circuit is interrupted can 
be greatly reduced and amechanism moving at moderate 
speeds can be utilized. 

The speed of operation and rupturing capacity of ex- 
perimental switches of this type have met expectations. 

Elimination of oil, however, is always desirable 
where possible. This is particularly true for railway 
applications. 


1—12,000-Vott, 1500-AmMpeRE A-c. Arr Hicu-Speep 
Crrecuir BREAKER wiTHOUT OutT-pooR HousING 


Fic. 


The feeder network of important sections of elec- 
trified railway systems where continuity of power 
supply is imperative, requires a relatively large number 
of breakers for proper sectionalizing. On four-track 
systems of this type, the 12,000-volt breakers may 
average as high as two per mile and the maintenance 
of such a large number is obviously an important item 
in the operating expense. 

Exposure of current carrying conductors of the rail- 
way network to the wear and tear of current collectors, 
in addition to conditions common to all aerial conduc- 
tors results in frequent short circuits. The majority of 
these failures are to ground, which in railway circuits 
means a line to line short, the current being limited by 
circuit reactance only. Railway circuit breakers are 
therefore frequently called upon to open heavy short 
circuits. 

The effect of repeated interruptions on oil circuit 
breakers is well known. If a given circuit breaker is 
called upon to open a circuit repeatedly without atten- 
tion, the oil deteriorates to such an extent as to endanger 
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the reliability of the breaker. Repeated short circuits 
are most likely to occur during bad weather conditions 
when filtration or changing of the oil is most difficult, 
particularly in outdoor installations. The air breaker 
is therefore much to be preferred for this type of service, 


Fig. 2a—Hieu-Sreep Arr Circuit BREAKER IN OUT-DOOR 
Houser with Onr END REMOVED TO SHOW LocaTION oF CIRCUIT 
BREAKER. Auso sHOws LocaTION oF HiGH-VOLTAGE 
TERMINALS 


assuming that it is the equivalent of the oil breaker in all 
other respects. 

The d-c. air break circuit breaker has demonstrated 
its ability to withstand repeated short circuits without 
deterioration or objectionable damage to contacts. 
A-c. air break breakers of the same general type have, 


Fie. 2B—12,000-Vour, 1500-Amprrn Hicgu-Sprep Aina Crr- 
cuir BREAKER COMPLETE witH OUT-pooR Protective Housing 
Oprrenine 24,000 Amprres at 14,000 Voutts. OscinnoGRAM OF 
TEST SHOWN ON Fa. 6 


during experimental investigations, withstood 20 or 
more maximum short circuits repeated at two minute 
intervals without requiring attention or without de- 
terioration of the current rupturing ability, and are ona 
par with the d-c. type in this respect. 
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On the other hand there is this.to be said against 
the air circuit breaker: 
1. The air breaker proper is not suitable for outdoor 
mounting and a protective housing is necessary. An 
air breaker complete with self-contained housing 
suitable for outdoor installations, is shown on Fig. 2. 
Fig. 2B was taken by leaving the photographic plate 
exposed while the breaker was opening a 24,000-ampere, 
12,000-volt short circuit, the oscillogram of which is 
shown in Fig. 6. 

2. The operation of the circuit breaker on heavy 


_ short circuits makes somewhat more noise than the oil 


type. 

3. The application of the air breaker is at present 
limited to the moderately high a-c. voltages. 

Both types of breakers will, therefore, undoubtedly 
find a field of application on a-c. railway feeder circuits. 


V. MAGNETIC OPERATING MECHANISM 


Practically all d-c. high speed breakers are of the 
magnetic tripping type, most designs making use of a 
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Fig. 3—CoNnNECTIONS OF THE TRIPPING CIRCUIT FOR THE 
Maenetic Tyepn or A-c. Higu-Sprep Crrcuir BREAKER 


flux shifting principle, where the flux is shifted from a 
holding armature to a magnetic by-pass circuit to 
release the breaker. The principle of operation of the 
flux shifting type is well known and has been described 
repeatedly in publications.* Briefly, it consists of a 
holding magnet energized by a d-c. coil across the 
poles of which a holding armature is bridged. Between 
the poles a tripping coil is introduced in such a way that 
when a current of proper polarity is applied the flux 
is shifted instantaneously from the armature to the 


_ core of the tripping coil, thereby releasing the breaker. 


This type of mechanism, when tripped under short 
circuit conditions by the line current, provides prac- 
tically instantaneous release by eliminating tripping 
relays, a very effective arrangement when maximum 
speed is desired. This mechanism has been success- 
fully applied to both oil and air type 12,000-volt a-e. 
breakers. 

Some means of providing a unidirectional current in 

*Tritle, U.S. Reissue Patent 15,441. 


“New Type of High Speed Circuit Breaker,’ by J. F. Tritle, 
G. E. Review, Vol. XXIII, p. 286. 
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the tripping coil of this type of mechanism is essential 
for applications on a-c. circuits. The saturated current 
transformer type of trip circuit was adopted for this 
purpose, Fig. 3. The tripping circuit is usually de- 
signed for current of 5 amperes so that standard current 
transformers can be used in the main power circuit. 

The operation of this trip circuit perhaps may. be 
better understood by first considering the phenomena 
responsible for the so-called “starting current’? when 
voltage of proper polarity is suddenly applied to a 
transformer, the core of which is magnetized by residual 
flux. The “starting current’ for the transformer is the 
result of lowered reactance because of over-saturation 
of the core, the available range in flux in one direction 
having been reduced because of the initial residual flux. 

The transformers used in the tripping circuit are of 
normal current transformer design. When there is no 
alternating current through the windings, the flux in 
the cores of these transformers is maintained near the 
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Fie. 4—Cancunatep Current aNnD Fiux CuRVES FOR 
SarurRatep TrRippING TRANSFORMERS USED IN CONNECTION 
WITH THE Maanetic Type or Mecuanism or THE A-c. Hiau- 
Sppep Crrcuir BREAKERS 


saturation point by direct current through one of the 
windings of each transformer, this current being the 
same as that used for the holding coil of the circuit 
breaker. 

The connections are such that when current of given 
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direction is passed through the primary winding of both 
transformers, such as during the first half cycle of an 
a-c. short circuit, it exerts a m. m. f. to increase the flux 
in the core of one transformer and decrease the flux of 
the other transformer simultaneously. 


Fie. 5—OprratTincg Mercuanism or THE AiR BREAK 


12,000-Voir A-c. HicH-Sprrp Crrcvir BREAKER 


Since the cores of both transformers are initially 
saturated in opposite directions, the decreasing flux in 
one transformer generates a secondary voltage whereas 
the transformer in which the flux is increasing generates 
only a slight secondary voltage because of saturation 
in the core. The secondary voltages of the two trans- 
formers are connected in opposition around the trip- 
ping coil circuit and the resultant unbalanced voltage 
circulates current around the circuit formed by the trip 
coil, transformers, and resistors as shown by the cur- 
rent curve of Fig. 4b. 

No matter what the direction of the primary current, 
one transformer will be active on the first half cycle, 
the polarities being such that the current impulse 
through the trip coil is always in the same direction. 
The phenomenon is transient and the unidirectional 
current is not maintained under steady state conditions. 

This arrangement does not provide a steady overload 
trip point so that standard types of overcurrent relays 
are usually provided for this purpose. The high speed 
trip functions only in case of short circuit or heavy over- 
load which results in a suddenly increasing line current. 

Any of the usual types of relay protective systems 
may be used in conjunction with the high speed trip. 

In an endeavor to provide a more complete explana- 
tion of the operation of these saturated transformers, 
the following analysis is offered: 

The performance of the transformers is affected by 
The following 
analysis is intended mainly as an indication of the fac- 
tors affecting the performance of these transformers and 
hysteresis effects have therefore been ignored for the 
sake of simplicity. The following assumptions were 
also made for the same reason. 


1280 


1. The transformer which is active for a given direc- 
tion of primary current is assumed to hold its ratio from 
the instant the flux is started down, that is, the excit- 
ing current is assumed to be negligible. 

2. The inductance of the transformer which is 
inactive because of saturation has been assumed to 
be constant above the saturation value. The current 
through both the primary and secondary windings of the 
inactive transformer acts to increase the saturation. 

3. It is assumed that the transformer which is 
inactive on the preceding half cycle becomes im- 
mediately active as soon as the total current through 
the windings is reduced to the d-c. saturation value. 

The expression for the line current in case of an a-c. 
short circuit is 

t 


S (1) 


I = Inusin(wt— y) + Imsin y e€ 
where 
In = peak of sustained current wave, through second- 
ary of line current transformer, t = time 
y = time phase angle of the starting moment 
é = 2418 
The following symbols are employed. 
, = total inductance of trip coil circuit (saturated 
transformers and tripping coil) 


R, = total resistance of trip coil circuit 

L. = total inductance of loading circuit, Fig. 3 

R, = total resistance of loading circuit, Fig. 3 

I = total current in secondary of line current trans- 
former 

7; = current through trip coil 

72 = current through loading circuit 

On ea 

¢t = time in seconds 


T = time constant of main power circuit. 

The equivalent circuit for the period during which a 
current impulse is passing through the tripping coil is 
shown by Fig. 3B. 

The current through the tripping coil of the circuit 
breaker is determined as follows: 

One to one ratio; saturated transformers are con- 
sidered. The fundamental differential equation for 
the circuit is 


; di, ‘ di 
Fats hla ae = Rot. + Le ce: (2) 
also T=i+% (3) 
hd e d 1, d 
dane dp eae (4) 


substituting (1) in (2) and eliminating 7, terms 
d 


(Ri + Re) + (Li + Le) 


+ R.sin ye 


gf 
T 


Ls ae 
+ Le w cos (wt— ¥) + 7psin ve T | 


(5) 
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which is integrated for 7; 


Lite! [( Ra) in (wt— ¥) 
t= N(R ey ee ee 


( wT, (Ri + Rs) — Re @ (In + Le) 
(fii + Re) + (Ly Si L,)? w? 


(—@Ptbiiey _y oh gai] 
T (Ri + Re) — Chi + Le) 


) cos (co t — 7) 


(6) 

The above relation holds only during the period when 
one transformer is active and the other inactive. 

The magnetic trip circuit is sufficiently responsive to 
trip on instantaneous current values, the armature 
being released if thé current through the trip coil 
exceeds the setting during the peak of an a-c. wave. 
The breaker is therefore released on the first current 
impulse which exceeds the trip point and the deter- 


hort Circuit 
Current 


Fie. 6—OscrittoGRaM oF “OCO” SxHorr Crrevir TEest at 
14,000 Vorts, 24,000 Amprrzes, R. M.S. on 12,000-Vour AIR 
Circuit BREAKER 


mination of the first tripping impulse is most important 
in connection with breaker performance. 

The current through the trip coil of the circuit breaker 
for a symmetrical short circuit namely with y = 0 has 
been calculated for a typical case using equation (6) as 
follows: 

The constants of the circuits involved are as follows: 


L, = 0.11 henrys 


Lis a 0 

R, = 5.6 ohms 
R, = 12.0 ohms 
T = 0.00625 


Iu = 7.1 amperes 


Referring to Fig. 3a the resistance of the saturating 
resistor is made the same as the total resistance of 
tripping coil and transformer secondary windings and 
the steady direct current supplied to this circuit for 
saturating the transformers divides equally between the 
two parallel paths. 

The resultant d-c. voltage drop produced by this 
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current in the parallel paths is equal and opposite 
around the circuit through which the tripping 
current circulates and therefore does not enter into the 
determination of the tripping current with the excep- 
tion that the current value obtained from equation (6) 
is superimposed on the d-c. saturating current as shown 
by Fig. 4b. . 


Fie. 7—Oscittocram or “OCO” SHort Circuir Trst at 
12,000 Vouts, 22,000 Amprres R. M.S. on 12,000-Voitr Arr 
Crrcuir Breaker 


The integration constant C is therefore determined by 
the initial conditions ¢ = 0 7, = 0 and the expression 7; 
for the first loop of current (Fig. 4b) is found to be 


4, = Im [.848 sin wt — .842 cos wt + .342 e710] (7) 
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Fig. 8 —Oscintocram oFr 12,000-Voxtr, 2700-AmpPpERE 
R. M.S Ssorr Crircurr Test on Arr Higu-Sppep Circuit 
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The voltage can be found by differentiating (7) for 
di ; 
ay and substituting this and (7) in 


di; 
E =u R +live 


for the case under consideration. 
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E = Iu [7.858 sin wt + 4.105 cos wt — 4.105 e-16*] (8) 
The flux of the active transformer is determined from 
d® 


E= 10% Im NAT 


= [7.858 sin wt + 4.105 cos wt — 4.105 e-] (9) 
Where N = number of turns on transformer secondary 
A = area of core sq. cm. 
108 Im 
Pet NR Al 


ll 


[ 0262 sin wt — .0502 cos wt 


+ .0257 e-160t + C} (10) 
the initial flux is maintained at 13,000 lines per sq. em. 
by the saturating direct current, therefore for 

108 Iu 


T =0 ® = 13,000 = ett [— .0502 + .0257 + C] 
(11) 


and 
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9—OscILLOGRAM OF A 3700 AmprRE R. M.S. 12,000-Votr 
SHort Crrovuit Test oN AN Arr BREAK Crircuir BREAKER 


The flux curve calculated from (10) is shown by Fig. 
Ae. 

It will be noted that at the time ¢, the current through 
the windings of the inactive transformer is reduced to 
the d-c. saturating current value, as the line current 
continues to increase during the second one-half cycle 
and a voltage is induced in the secondary winding of this 
transformer. From the flux curve of Fig. 4c, however, 
it will be seen that the flux of the previously active 
transformer has not yet returned to the saturation value 
and therefore there is a period from ¢, to t2 where both 
transformers are active and present full transformer 
reactance to the flow of current and the total line cur- 
rent therefore flows through resistance R2, (ignoring 
the exciting current for the transformers). 

The flux change in both transformers for the period 
t; — t2 is therefore determined by the voltage across 


. the loading resistor R., Fig. 3a. 


d® ; 
V = 10% Iu Ry NA = Iusin wt 
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i” x i 
NA 
The corresponding flux curves for the period ¢; to tz 


until the flux of transformer No. 1 again reaches the 
saturation point, is shown on 4c. After saturation is 


= [— cos wt] 
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Fic. 10—Curve TAKEN FROM OscILLoGRaAM Fic. 6, SHOWING 
Kinrowatts DissrpaTep In THE Arc CuutTe or Arr CIRCUIT 
BREAKER DURING A SHort Circuit Test at 14,000 Votts 


reached, in the case of No. 1 transformer, a second 
current impulse is passed through the trip coil circuit by 
No. 2 transformer, the method of determination being 
the same as for the first impulse. At the conclusion of 
the second impulse, tz, the fiux of the second transformer 
is further from the saturation value than was the flux 
of No. 1 transformer at the end of the first loop and the 
line current again passes through R, until saturation is 
reached, the period from f; to tz, being correspondingly 
greater than the period from f, to fz. 

In this manner the process is repeated, the period in 
which both transformers are active growing longer with 
each succeeding half cycle until a stable condition is 
reached where the flux is increasing through one trans- 
former and decreasing through the other transformer 
for the full one-half cycle. When this occurs the sus- 
tained condition has been reached and no further cur- 
rent impulses are supplied to the trip coil so long as the 
line current is not increased. The full line current 
under steady state conditions passes through the re- 
sistance R:. 

The trip current supplied by this tripping circuit is 
approximately proportional to the increase in line 
current. Typical oscillograms showing the tripping 
current are shown on Fig. 11. The oscillograms of 
Fig. 11 were taken when applying an overload to 
the circuit which was previously carrying a steady 
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load. The saturating current in this case was passed 
through an independent winding on the saturated 
transformers. 

After the steady state condition is reached, should the 
line current be suddenly increased again, the saturation 
point is reached on one transformer as soon as the line 
current exceeds the steady state value and further 
current impulses are supplied through the tripping coil 
circuit. 


VI. DESCRIPTION OF THE AIR BREAK CIRCUIT 
BREAKER 


Photographs of a 12,000-volt 1500-ampere single- 
phase air break circuit breaker are shown on Figs. 1 and 
2. A drawing of the principal parts of the mechanism 
is shown in Fig. 5. The armature, which is held in the 
closed position by a holding coil and released by a wire 
wound trip coil inserted between the poles of the 
holding magnet, is shown connected to the main*high 
voltage contact arm through insulated pull rods. 

The high voltage contact arms are operated entirely 
through suitable insulating pull rods, the mechanism 
being grounded. The circuit breaker as a whole consists 
of two sets of contacts and arc chutes which are con- 
nected in series, the moving contact arms being con- 
nected together by a suitable bus so that they form in 
effect a bridging contact similar to that used in oil 
circuit breakers. 

There are two sets of springs, the main springs 
operating directly on the armature for opening at high 


Fig. 11—Typicat OscinLoGRaMs SHOWING CURRENT O3B- 
TAINED WITH SATURATED TRANSFORMER TRIPPING CIRCUIT 
For Macnetic Tyre oF Hics-Speep A-c. Circurr BREAKER 


speed while the contact pressure is exerted by a second 
set attached to the pull rods at the bottom of the arm. 
This mechanism is inherently trip free, the operation 
being as follows: 
Resetting is accomplished by means of a motor- 
operated cam. The first movement of the cam operates 
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the lever attached to the pull rods at the bottom of the 
contact arms rotating these arms about the top bumper 
as a fulcrum. The holding armature is pulled to the 
closed position by the main pull rods attached between 
the center of the contact arms and the bell cranks on the 
armature shaft. This armature is latched as the peak 
of the cam is reached without reducing the gap between 
contacts. Further movement of the cam allows 
the bottom springs to rotate the contact arm to the 
closed position around the top pull rods as a center. 

The bottom of the arms when opening on short 
circuits, is held approximately stationary when opening 
by the weight of parts attached to the bottom. In 
the event the breaker is closed on a short circuit the 
mechanism therefore operates the contact at full 
speed regardless of the fact that the rollers have not 
yet left the cam surface. 

The high voltage circuit through the breaker is very 
direct, entering on one side through series blow-out 
coils, one end of which is connected to a stationary 
contact. The circuit is completed through the moving 
contact and arm and another set of series blow-out 
coils from which the connection is made to the second 
contact mechanism, a duplicate of the first. 

When the contacts separate under short circuit condi- 
tions, the arc is drawn on the arcing horns and detached 
blow-out coils are cut in successively as the arc travels 
along these horns. The general arrangement of the 
blow-out coils, are suppressor plates, arcing horns, etc., is 
the same as that used on standard designs of 3000-volt 
d-c. breakers with the exception that a greater number 
of blow-out coils is used and the are chutes are designed 
to permit a considerably longer are. 

A new feature which is introduced in hte breaker 
consists of high resistance arcing horns made from a 
special material and designed to absorb a considerable 
voltage as the arc is forced along them under the action 
of blow-out coils. These arcing horns are effective in 
reducing the energy in thearc stream and in reducing the 
flame and noise of the breaker when opening under short 
circuit conditions. 

Some typical oscillograms obtained during short 
circuit tests, including tests at 14,000 volts. single 
phase, 25 cycle are shown in Figs. 6 to 9 included. 
The curves on Fig. 10 were plotted to show the current, 
voltage, and power relations during a short circuit test 
of 14,000 volts. It is interesting to note that the 
energy is liberated in the arc chute at a maximum rate 
of 200,000 kw. 

The speed of operation of the mechanism taken with 
a mechanical speed recorder is shown by the curve on 
Fig. 12. It will be noted that total tip gap of more than 
6 in. (two contacts in series) is reached in slightly more 
than the time required for a normal 1% cycle (25 cycle) 
after the trip point is exceeded. 


VII. CURRENT RUPTURING TESTS ON AIR BREAKER 
This breaker has successfully opened a current of 
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24,000 amperes r.m.s. at 14,000 volts repeatedly. A 
series of 20 OCO tests at 12,000 volts, 22,000 amperes, 
r.m.s. was made at two-minute intervals without 
examination or attention of any kind to the circuit 
breaker. A single contact and arc chute of this type of 
breaker, equivalent to one-half the standard 12,000- 
volt breaker has opened a maximum current of 41,000 
amperes r. m. s. at 7000 volts repeatedly, both the tests 
at 14,000 and 7000 volts being the maximum available 
at the time the tests were conducted. 


VIII. SELECTIVE OPERATION OF THE HIGH SPEED 


A-C. BREAKER 
Selective operation of high speed a-c. breakers ap- 
plied to railway feeders is essential. The high-speed 
feeder breakers should isolate defective feeder sections 
between substations without disturbing power flow to 
adjacent interconnected sections under all short circuit 
conditions. 
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Circuit BREAKER 


The connections shown in Fig. 18 are utilized for 
obtaining selective operation where the unidirectional 
current impulse type of trip is used. Advantage is 
taken of the unidirectional trip circuit in a differential 
connection. The tripping circuits of all breakers are 
connected to a common bus in such a way that the trip 
current circulating through any trip coil must return 
either through the trip coils of parallel breakers or the 
saturating resistor indicated on the diagram. When the 
current is increased simultaneously through all breakers 
feeding the feeders in a given direction from the sub- 
station, the tripping current for all of these breakers 
must pass through the saturating resistor shown on the 
diagram, since equal voltages are generated by the trip 
circuits of each breaker. The current required for 
tripping all of the circuit breakers under this condition 
is much higher than when the current is increased 
through one breaker only. By selecting a proper value 
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for the saturating resistor the current necessary for 
operation with a simultaneous current increase through 
all breakers can be made higher than the exchange cur- 
rent over the trolleys between substations in case of 
internal short circuit in one substation. 

If the current is suddenly increased in one breaker 
only, by a short circuit on one feeder, tripping current is 
supplied to the breaker supplying the faulty feeder, this 
current returning through the coils of the remaining 
breakers and assisting to hold them closed. The trip- 
ping current for the breaker involved is considerably 
less than when all breakers carry current because of the 
lower impedance of the return circuit for the tripping 
current. 

A simplified diagram showing breakers located in a 
typical feeder network has been shown in Fig. 14. 

The operation of the breakers under typical short 
circuit conditions with connections as shown in Fig. 18 
is as follows: 

1. Feeder Short Circuits. 

In the event of a short circuit on a feeder between 
substations, the breaker supplying this feeder carries a 
current considerably in excess of that of the parallel 
breakers since the parallel breakers carry the exchange 
current between substations only. Tripping current is 
supplied to the trip coil of this breaker, operating it, 
some of this current returning through the trip coils of 
the parallel breakers in reverse direction for tripping and 
assisting in holding them closed. 

In the event of a feeder short circuit directly in front 
of one substation, all of the breakers in the distant sub- 
station carry equal currents until after the breaker in 
the near substation opens. The short circuit current is 
removed from all the breakers at the distant station by 
the operation of the breaker feeding the short directly, 
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except the distant breaker feeding the faulty trolley. 
The current through this breaker is suddenly increased 
because of the removal of the heavy short circuit cur- 
rent from the high voltage transmission line and this 
breaker is operated, clearing the remaining short circuit. 
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2. Substation Bus Short Circuit. 

In the event a short circuit occurs on the bus at a 
given substation, all breakers interconnecting the two 
substations carry equal exchange currents. These 
breakers are, therefore, not operated by the high speed 
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trip and the bus is isolated by the operation of a 
standard type of differential relay which opens all of 
the breakers connected to this bus. The feeders be- 
tween substations are fed from the distant station and 
are not deenergized. 

38. In case a short circuit occurs in the stepdown 
transformer or in the high tension line, the feeder break- 
ers between the faulty substation and adjacent sub- 
station carry equal exchange currents and therefore do 
not receive a sufficiently high tripping current to oper- 
ate. The faulty transformer or high voltage line is dis- 
connected from the bus by the operation of a standard 
differential relay around the transformer or reverse 
power relays in case of a high voltage line short, both of 
which operate a circuit breaker on the low voltage side 
of the transformer. 

CONCLUSION 

The development of both air break and oil break 
12,000-volt a-c. high-speed circuit breakers having a 
speed of operation comparable with the d-c. type makes 
possible the same degree of selectivity and protection 
on a-c. electrified systems as has been obtained for a 
number of years on equivalent d-c. systems. 

It is expected that this type of breaker will be partic- 
ularly beneficial in minimizing inductive interference 
in signal and communication circuits. 
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ROM the point of view of switching service, circuit 
breakers as a whole may be divided roughly into 
general classifications dependent on the time 

required to isolate portions of the circuit under con- 
ditions of fault or to clear the circuit under any pre- 
determined condition. Of these, the conventional 
normal-speed breaker constitutes by far the largest 
class in general use. 

For d-c. switching service, this class is generally of 
the carbon-break type often applied in machine circuits 
with relatively high normal current loads requiring 
breakers of large current-carrying capacity with heavy 
moving elements. These breakers may be expected to 
interrupt a short circuit in from 0.07 to 0.10 sec. from 
the start of rise of short circuit current, although they 
are often used with a time-delay element intentionally 
placed in the control circuit to increase this time up to a 
full second or more. Where quicker action is desirable, 
particularly with breakers of lower current-carrying 
capacity, the contacts may be made trip-free from the 
closing mechanism and with a sensitive overload 
tripping device the time may be reduced to from 0.04 
to 0.06 sec. The general form of the breaker, how- 
ever, is not materially different in these two time 
classifications. 

For a-c. switching service, the normal-speed oil circuit 
breaker is used over practically the entire range of 
service voltages. When actuated by a normal-speed 
relay, this breaker requires from 0.10 to 0.25 sec. after 
the occurrence of a fault to trip the breaker and inter- 
rupt the circuit. As in the case of the d-c. breaker, 
however, it is often used with a time-delay element 
in the control circuit extending the total time up to as 
much as three or four seconds. Where switching is 
mainly on the low side of the transformers the normal 
loads involved may require breakers of high current- 
carrying capacity with heavy moving elements, and 
for great concentrations of power the current rupturing 
requirements may be relatively high, calling for sub- 
stantial sturdy construction of the contact details. 
When switching at higher voltages, the current loads 
become proportionately less, making lighter contacts 
feasible, and various forms of high speed contacts are 
used in which contact is maintained between arcing 
tips in the breaker until the main moving element has 
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completed a considerable portion of its opening move- 
ment. The arcing tips are then snapped open at a 
high rate of speed independent of the speed of the main 
moving element, thus materially decreasing the dura- 
tion of arcing. High-speed relaying is also resorted to 
where it becomes desirable to diminish the time between 
the occurrence of a fault and the drawing of an are 
at the breaker contacts. In all of these forms, however, 
the breaker structures differ only in details and they 
may all be included in the same general classification. 


During the last few years, the rapid advance in 
railway electrification work, particularly in the appli- 
cation of automatic features, hasresultedin the develop- 
ment of a new class of breakers for this service known 
as high-speed circuit breakers. Developed largely for 
special protective purposes, these breakers perform 
a somewhat different function from that of breakers in 
other service for both of the two great classes of railway 
applications, d-c. and a-c. electrification projects. 
In time classification, high-speed breakers should 
function to interrupt a d-c. circuit in 0.02 sec. or less 
after the occurrence of a fault, and one cycle or less for 
a 25-cycle a-c. circuit. 


In d-e. railway service, the synchronous converter 
operating at from 600 to 1500 volts occupies a com- 
manding position as a medium for converting alter- 
nating current from the secondaries of transformers 
into direct current supplying feeder circuits for trolley 
or third rail service. This machine lends itself readily 
to automatic control without the necessity of an atten- 
dant, but is susceptible to flashing with considerable 
consequent damage to the commutating apparatus 
under short circuit conditions. To obviate this dif- 
ficulty, the d-c. high-speed breaker has been developed 
to the point of interrupting a circuit before short 
circuit current can rise to its full value, and of so limit- 
ing the destructive period of duration of a short cir- 
cuit as to preclude the possibility of flashing on the 
commutator. Fig. 1 shows a_ high-speed circuit 
breaker designed for 1500-volt d-c. railway service. 


From the design point of view, certain characteristics 
must be incorporated in this breaker to meet the re- 
quirements for high-speed protection in d-c. circuits. 
The operating voltage for the majority of railway 
applications is 600, with a comparatively small number 
1500 volts, so that a single break of from 1144 to 1% 
in. will be sufficient for the contacts when used in con- 
junction with an auxiliary magnetic blowout circuit. 
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With careful attention paid to design of the contacts 
in order to reduce the air-gap in the blowout magnet 
to a minimum, a blowout value of the order of 20,000 
ampere-turns at 5000 amperes will be sufficient where 
high-speed interruption is confined to current values of 
from 3000 amperes upward. For small kilowatt 
capacity machines, where high-speed action is desired 
for currents as low as 800 to 1000 amperes, blowout 
values must be materially increased to assure satis- 
factory results in operation. 

Blowout values of this order may be expected to 


Fig. 1—Hieu-Sprrp Crrcuir Breaker For 1500-Vour D-c. 
Rattway SEeRvVIcE, Crrcuir Ravine, 3000 Amprres 


remove an arc from the contact surfaces and transfer 
it to arcing horns during the first one-quarter inch of 
contact travel, so that all of the mechanical force 
applied to produce acceleration of the moving contact 
on opening should be concentrated so far as possible 
in this first one-quarter inch of travel and no further 
interest need attach to the speed of contact opening 
beyond this point except to insure that there is sufficient 
contact separation at the time the arc is extinguished 
to prevent reestablishment of the circuit. The problem 
then becomes one of acceleration rather than of high 
speed, since the accelerating force, while quite large, is 
not applied for a sufficiently great length of time to 
produce relatively high speeds. Fig. 2 shows the speed 
of contact travel at various points in the opening 
stroke up to one inch on a high-speed breaker designed 
for 3000 ampere d-c. service. 

From this it will be apparent that for d-c. service, 
any feature which detracts from the amount of contact 
opening during the first 0.004 sec. after the breaker is 
tripped will hinder the limitation of current very 
materially. For instance, an auxiliary arcing contact 
with a quarter-inch lead would result in a complete loss 
of this time and a flexible brush contact involving an 
eighth-inch follow-up would result in a loss of nearly 70 
per cent of it. Consequently, where feasible, a solid 
butt contact without auxiliary arcing tips becomes very 


WILCOX: HIGH-SPEED CIRCUIT BREAKERS 


Transactions A. I. E. E. 


desirable. Such a contact also permits working to a 
much higher current density, resulting in a very con- 
siderable reduction in the mass to be accelerated since 
there is no flexible laminated copper present to suffer 
possible deterioration under excess temperatures. Given 
a design in which the flexibility necessary to secure 
adequate contact pressure is supplied by a spring, 
working through leverage if necessary, the solid butt 
contact becomes entirely feasible for this application. 
The resulting design is, then, a solid butt contact 
which carries main-circuit current, on which the arc 
is drawn as soon as mechanical separation of the con- 
tact surfaces is obtained, and from which the arc is 
transferred to arcing horns very early in the opening 
stroke by a powerful blowout magnet. These arcing 
horns are an integral part of the are chute and care 
must be taken in the design to arrange them so as to 
secure the greatest possible increase in the length of arc 
in the shortest interval of time. Test data indicate that 
a d-c. are becomes unstable at potentials in the order 
of 80 to 35 volts per in. of length which would require - 
stretching a 1500-volt arc to a length of approximately 
45 in. for interruption. The are chute for a 1500-volt 
breaker must then be designed to accommodate an arc of 
this length with sufficient additional capacity to cover 
such overvoltages as may be encountered on highly 
inductive circuits without permitting the arc to extend 
outside of the chute to such an extent as to strike other 
potential -points. Care must be taken also in the 
design of pole faces to secure a properly graduated 
blowout field over the arcing area. This field must be 
intensified at the point of origin of the arc, but must 
shade off rather rapidly after the length of are has 


Fig. 2—Sprrp or Contact OprENING FoR Hicu-SprEeD D-c. 
Circuit BREAKER. Current Capacity, 3000 AMPERES 


reached a point corresponding to the limitation of 
current rise in order that the rate of fall of current 
may not be too rapid as the interrupting point is 
approached. ‘Tests with breakers of this type indicate 
that a very fast falling current may be accompanied 
by an overvoltage surge of such magnitude as to cause 
severe potential stresses on the machine. From this 
point of view, a breaker which interrupts a given cir- 
cuit in 0.015 sec. may impose materially less stress on 
the machine than one which gives complete interrup- 
tion in considerably less time. 
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From time to time, various arrangements of arc 
splitters have been incorporated in d-c. are chutes 
in an attempt to supply a mechanical means of length- 
ening the are rapidly. Difficulty has been encountered 
in the use of such splitters due to their choking the 
expulsion of gases from the vicinity of the contacts 
with consequent re-ignition of the circuit across the 
points of the are splitters or across the contacts them- 
selves. The tendency in modern breakers is toward the 
removal of all obstructions in the chute to permit the 
free action of convection currents following the rise 
of the arc and thus provide adequate ventilation for 
removing the gas field from the vicinity of the contacts 
as the are extends. 

As to mechanical operation of the contacts, the 
breaker must be capable of high-speed interruption 
in the event of being closed against a fault in service, 
which requires that it be trip-free in action. This is 
best accomplished by a multiple-stage closing stroke 
through a floating lever. Fig. 6 shows the arrangement 
of such a mechanism in which the closing power is 
applied at one end of the floating lever and utilized to 
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seal the holding armature while the contacts remain in 
the open position. A set of closing springs is also 
extended by this closing solenoid stroke. Upon de- 
energizing the solenoid, these closing springs serve the 
threefold purpose of closing the contacts, extending the 
opening springs, and retrieving the solenoid core. Thus 
by utilizing various pin centers in the floating lever as 
fulcrums at different stages of the movement, the 
contacts become trip-free at any point in the closing 
stroke. The excess of power in the closing springs 
over that of the opening springs provides the flexible 
means necessary for maintaining adequate contact 
pressure referred to previously. While tending to 
maintain the contacts in the closed position, these 
closing springs in no way hinder the opening movement 
since the point at which the holding-in power is applied 
becomes a fulerum for the opening movement as soon 
as the holding armature is released. 

Fig. 8 shows the effect of contact pressure on tem- 
perature rise with the use of solid butt contacts in air 
for current densities per square inch of contact surface 
of the order of magnitude ordinarily used in breakers 
of this type for railway service. It will be noted that 


WILCOX: HIGH-SPEED CIRCUIT BREAKERS 


1287 


the temperature rise decreases quite rapidly with the 
increase in pressure through the lower range but the 
decrease is less marked at pressures of from 80 to 100 lb. 
and very little improvement is shown beyond this point 
for pressures up to well over 200 Ib. per sq. in. From 
these curves it will be apparent that the method of 
securing contact pressure by maintaining a balance 
between two springs may be relied upon to give ade- 
quate pressure, and at the same time provide a con- 
siderable range in adjustment of the springs for other 
purposes. Comparative tests have been made to 
determine the ability of this type of contact to carry 
heavy current loads after repeated drawing of ares 
from the main contact surfaces. The temperature rise 
was determined by test for a breaker with new contacts 
worked at a current density of approximately 1200 
amperes per sq. in. of contact surface, and a second test 
made on the same breaker after it had been used for 
short circuit test purposes until the contact surfaces 
showed no indication of their original machining, and 
without any cleaning of these surfaces. This second 
test showed approximately 15 per cent less current 
density for the same temperature rise. The contacts 
should, then, be designed with sufficient factor of 
safety to permit an equivalent increase in temperature 
rise before reaching final temperatures at which 
deterioration of the contact material may begin. 

In view of the rigid requirements as to time for the 
operation of high-speed breakers in d-c. circuits, the 
delay involved in releasing a mechanical latch of the 
conventional type becomes a severe penalty when this 
device is used. An arrangement which has been found 
well adapted for retaining the d-c. high-speed breaker 
in its closed position comprises a stationary holding 
magnet and an armature linked to the operating levers, 
so arranged that upon the decay of holding flux, due 
either to the interruption of holding current or to de- 
magnetization from some other source, the armature 
will release and permit the contacts to open under the 
influence of the opening springs. As the armature 
must be given a high rate of acceleration, its mass will be 
reduced as much as possible, resulting in its being 
worked well up toward the knee of the saturation curve. 

This being a protective breaker, designed to limit the 
rise of short circuit current in the shortest possible 
interval of time after the occurrence of a fault, some 
form of tripping other than simply the consequence of 
amperes of overload becomes essential. An overload 
device is inherently unable to determine whether or not 
a load is to become a hazard until it has already reached 
the hazardous point, and this in the case of a short 
circuit of fast-rising current is far too late to limit that 
rise satisfactorily. A discriminating device known 
as an inductive shunt, whose action is based on the 
rate of rise of current, is best adapted to the require- 
ments. The main power circuit in the vicinity of the 
holding magnet is divided into two parallel paths, one 
of which passes through the air-gap of the holding 
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magnet while the second by-passes this magnet. Under 
conditions of steady load or of slowly-rising load, the 
by-pass lead carries a relatively large proportion of the 
current and the air-gap lead a small proportion which, 
due to ,the arrangement of potentials, produces.a flux 
in the holding armature opposed to that generated 
by the holding coil current. So long as steady con- 
ditions or slowly-rising conditions obtain, the holding 
coil predominates and the armature holds the contacts 
in the closed position. The by-pass lead is, however, 
so arranged as to be acted upon by a laminated iron 
circuit which in the event of a rapid rate of rise in 
current acts to force a comparatively large proportion 
of the load through the air-gap lead momentarily. 
This results in a sudden increase in the demagnetizing 
flux in the holding armature which releases it and 
allows the contacts to open due to the action of the 
opening springs. 

It will be apparent that with this arrangement, a 
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balance may be secured between the holding coil flux 
and that generated by the action of the inductive shunt 
so sensitive as to permit the breaker to open with very 
slow rates of rise of main circuit current. General 
operating conditions in d-c. railway service, however, 
require that the high-speed breaker shall not open on 
legitimate changes in load such as the acceleration of a 
train, and some point just above the fastest rate of 
rise obtainable from train acceleration becomes the 
lower limit at which this breaker may be allowed to 
open under changing load conditions. It will be 
understood that in operating service a fault may occur 
which due to circuit conditions, generally a matter of 
distance from the station, gives a rate of rise of short 
circuit current less than the rise from nearby heavy 
train acceleration and that the high-speed breaker may 
not be expected to interrupt such short circuits when 
the balance between holding and demagnetizing flux 
is so arranged as to open only on a higher rate of rise. 
Some other discriminating device must be installed 
in the circuit for this purpose. It will also be obvious 
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that this degree of sensitivity in the breaker may be 
dulled further over a wide range until the point is 
reached where it has become practically an overload 
breaker with no discriminating characteristics and with 
very little ability to protect a commutating machine. 
It should be borne in mind that where this type of 
breaker is applied for the performance of functions 
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other than opening on rate of rise of current, some degree 
of discrimination will be sacrificed with a corresponding 
loss in the protective function for which it was primarily 
designed. 

Fig. 4 shows the time characteristics of a high- 
speed d-c. circuit breaker over a considerable current 
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range at 600 volts. For current rises of from five 
million amperes per second upward, for d-c. voltages 
up to 1500, these breakers may be expected to limit 
the rise of short circuit current in from 0.006 to 0.008 
sec. and to interrupt the circuit completely in from 
0.012 to 0.016 sec. Tests on a 600-volt synchronous 
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converter substation giving a cufrent rise of the order 


of thirteen million amperes per second show limitation 
of short circuit current across the buses to slightly less 
than 300 per cent of normal load. For machines 
whose characteristics give a slower rate of rise such as 
a d-c. generator, the time of limitation and interruption 
of current will be proportionately longer while still 
providing adequate protection to the commutating 
apparatus. Fig. 5 is an oscillographic record of high- 
speed breaker performance on heavy current at 600 
volts. 

For alternating-current railway service, the high- 
speed breaker assumes an entirely different form. 
The majority of such applications today are main-line 
electrification’ projects fed from overhead contact 
lines at 11,000 volts, 25 cycles, with frequent move- 


Fie. 7—Front View or Hies-Speep Circurr BREAKER FOR 
A-c. Ramway Service, Ratine 15 Ky., 1500 Amperes, 25 
CyYcLes 


ments of heavy trains. On such applications the use 
of high-speed breakers capable of limiting the duration 
of short-circuit current is of considerable advantage 
in lessening the shock to the system, in reducing the 


damage to contact lines, and in minimizing the possibility 


of synchronous machines falling out of step. Further- 
more, the use of high-speed breakers facilitates the 
coordination of propulsion and communication circuits 
when they are involved in an inductive exposure. 
As this propulsion service is almost entirely confined 
to a frequency of 25 cycles, one-cycle operation allows 
0.04 sec. for the detection and interruption of a short 
circuit. The high-speed circuit breaker shown in 
Fig. 7 has been developed to meet the requirements of 
such applications. Essentially a single-pole oil circuit 
breaker of the conventional gravity break type, it differs 
from the normal-speed oil breaker in that it carries: a 
high-speed shunt-tripping device; provision for a high 
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acceleration of the moving contact; an auxiliary mag- 
netic blowout circuit for lengthening the arc rapidly; it 
is actuated by a specially-designed high-speed relay. 

Unlike the d-c. high-speed breaker, it carries no discrim- 

inating features in itself but is actuated solely by the 
high-speed relay in which are incorporated all the char- 
acteristics necessary for such selectivity in tripping as 
may be desirable for any given application. The break- 
er carries a voltage rating of 15 kv., although all electri- 
cal clearances outside the interrupting chamber are ade- 
quate for 37-kv. service. It is designed for steady cur- 
rent loads of 1500 amperes at 25 cycles, and has an inter- 
rupting capacity of 50,000 amperes at 12 kv. 

From the design point of view, this breaker presents a 
problem somewhat different from that involved in the 
d-ce. high-speed breaker. The holding magnet raises 
problems due to directional characteristics when 
applied to a-c. circuits that require considerable in the 
way of added complications to overcome. Further- 
more, this form of tripping does not carry inherently 
the degree of selectivity desirable for the majority of 
a-c. railway applications and some additional relaying 
becomes advisable when it is used. Consequently, a 
quick-acting mechanical latch released by a high- 
speed trip magnet, which in turn is actuated by a high 
speed selective relay external to the breaker, becomes 
not only feasible but desirable from the point of view 
of close accurate settings for selective tripping. 

For like reasons the contacts in this breaker may be 
designed differently from those of the d-c. high-speed 
breaker. To perform the function for which it was 
developed, the breaker is placed in the contact line 
feeder circuits where the current loads are relatively 
light as compared with the heavy machine loads of 
d-c. railway circuits. The flexible brush form of 
contact may be used here without imposing great 
burdens in the form of mass, to be accelerated at high 
speed, provided the brush is used as the stationary 
element of the contacts. By a liberal design of this 
stationary element, the moving element may be worked 
at a comparatively high current density, depending on 
the stationary copper to conduct heat away, and the 
mass to be accelerated thus reduced to proportions 
that may be handled with reasonable facility. 

The breaker must be trip-free in order to interrupt the 
circuit at high speed in the event of being closed against 
a fault. In the conventional form of oil circuit breaker 
the trip-free point is normally placed at the closing 
mechanism in order to combine the closing and tripping 
features in a single unit and to insure simultaneous 
action in all phases of a multiple-pole breaker. In this 
country at the present time, a-c. railway applications 
are, however, practically all on a single-phase basis 
so that a single-pole breaker meets all requirements. 
The trip-free point may then be placed as close to the 
moving contact element as mechanical and electrical 
requirements will permit, provided the tripping mech- 
anism is placed at this point also. The point best 
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suited to all these conditions will be found at the 
upper end of the contact lift rod, requiring only the 
contact, its lift rod, and one lever to be accelerated on 
opening. The accelerating force may be supplied by a 
helical spring concentric with the lift rod. 

Fig. 8 shows in graphic form the accelerating force 
in pounds for each pound of mass accelerated necessary 
to produce various speeds at the end of the first one- 
quarter inch of contact travel in oil. It may be noted 
that approximately one-third of the mass of the spring 
itself must be included as mass to be accelerated when 
designing these springs. As in the case of the d-c. 
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breaker, this is a problem of high acceleration rather 
than high speed of travel since interest in the speed 
of opening is confined largely to the first one-quarter 
inch of travel, that is, the amount of travel necessary 
to part the contacts and produce an are. Through the 
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Fic. 9—VaRIATION IN DuRatTION or ArcING witH HiIGH- 
Sprep A-c. Circuir BREAKER FOR VARYING VALUES or Mac- 
NETIC BLowoutT Fie.p 


action of the blowout magnet, this are will be trans- 
ferred to arcing horns and lengthen rapidly independent 
of the speed of contact travel. Of course, one terminal 
of each are must be maintained on the moving contact, 
but tests have demonstrated that with the moving 
contact shaped to provide a horn, the arc terminal 
will travel on this horn ahead of the contact under the 
action of a blowout field. 

Fig. 9 shows the effect of a blowout field on the dura- 
tion of arcing in a high-speed oil circuit breaker. The 
effect is quite marked for the lower values of field 
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strength but the curve finally becomes asymptotic as 
the field is increased in strength anda pointis eventually 
reached at which no further reduction is obtained in 
the period of arcing by increasing the excitation of the 
blowout magnet. This point, however, is well within 
a half-cycle of arcing on a 25-cycle wave and meets the 
requirements of present-day a-c. railway service. 

The design of the blowout magnet will vary somewhat 
depending on the service in which the breaker may be 
applied. Where only low values of short-circuit 
current are to form a large proportion of the interrupting 


duty, a full iron return circuit may be used to work — 


well below the saturation point. If heavy short circuits 
are anticipated, better results will be obtained with a 
magnet having a small section of return circuit designed 
to saturate at six to eight thousand amperes and forcing 
an air return path for the high current values. This is 
in order to eliminate the possibility of lengthening the 
are unduly fast for very high current values having a 
heavy blowout force inherent in themselves. Care 
must also be taken in the design of this magnet from 
the point of view of temperature rise, bearing in mind 
that it must be excited by a series a-c. coil, and ade- 
quate means provided for radiation of heat. In this 
connection it may be noted that this application in 
railway service imposes a duty on trolley feeder breakers 
somewhat more severe than the standard N. E. M. A. 
duty cycle in that they may be called upon to perform 
more than the stipulated two OCO operations at full 
rated current, or a proportionately greater number 
at lesser current values, before an opportunity is 
afforded of renewing the oil. Provision should then 
be made in the design for a substantially larger amount 
of oil in the interrupting chamber than is required for 
conventional breakers of the same interrupting rating, 
and this increased body of oil will be of material benefit 
in taking care of heat radiation. 

The design of mechanical latch for retaining the con- 
tacts in the closed position must receive careful atten- 


tion in order to insure that the time of unlatching is — 


reduced to a minimum. The conventional form of 
circuit breaker latch with right-angled holding face 
involves inherent time delay in that the holding face 
must be moved well over the center of the roller before 
opening motion can start. With the heavy accelerating 
spring used, this form may also result in heavier latch 
loads than are desirable for high-speed tripping. 

Fig. 10 shows the details of a high-speed latch 
mounted in a common frame with the tripping magnet, 
forming an integral unit. The roller element of this 
latch is mounted on a floating lever linked to the con- 
tact lift rod and accelerated with it on opening. The 
primary latch presents an inclined surface to this 
roller in such manner as to give an angle of thrust well 
inclined toward the open position so that the movement 
of the floating lever and roller in opening starts simul- 
taneously with the movement of the latch in releasing. 
This primary latch is maintained in the closed position 
by a secondary latch requiring only about one-eighth 
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of an inch movement to release. In operation, the 
tripping magnet raises the secondary latch, allowing 
the primary latch to release under the impulse of its 
own latch load and at the same time permitting the 
floating lever and contact to start toward the open 
position. The floating lever is retrieved to the latched 
position with the contacts open and revolved about the 
latch roller as a fulcrum to the closed contact position 
by the closing mechanism. An over-center toggle in 
the operating linkage maintains the breaker in the 
closed position until it is again tripped. Thus, by 
utilizing different centers in the floating lever as a ful- 
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crum at different stages of the movement, trip-free 
action is obtained at any point in the closing stroke. 

A d-c. shunt tripping magnet designed for use with 
the high-speed oil breaker is shown in Fig. 10. This 
magnet while necessarily enclosed within the breaker 
chamber, should be so located as to be freely accessible 
upon the removal of a cover in the main breaker 
casting. Fig. 7 shows a view of the breaker with the 
cover removed, exposing the magnet. This magnet is 
of the conventional laminated form, rather liberal in 
design so far as the magnet itself is concerned, but with 
the mass of the armature reduced to a minimum since 
it must be picked up very quickly. With the design 
of latch used here, the air-gap may be reduced to 
about five-sixteenths of an inch with a working travel 
of from one-eighth to three-sixteenths. To obtain the 
most suitable magnet, a low resistance coil will be 
necessary but external resistance may be used in the 
circuit where it is desired to maintain tripping current 
within the limits of battery supply for simultaneous 
tripping of a number of breakers. 

Fig. 11 shows a view of the mechanism housing of 
a high-speed a-c. breaker with the covers removed. A 
closing solenoid, designed for 125-volt d-c. control, 
is mounted as an integral part of the breaker unit 
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together with the necessary control panel, rotary type 
auxiliary switches, and a heater unit to prevent con- 
densation inside of the housing under certain atmospheric 
conditions. As in the case of the d-c. high-speed 
breaker, such auxiliary switches as operate in unison 
with the main breaker contacts are moved to one 
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position by a linkage operated by the closing of those 
contacts but on the opening of the breaker contacts, are 
retrieved to the opposite position by a spring. This is 
to reduce the load on the main accelerating spring 
when opening as well as to relieve the switches of the 
mechanical stresses incident to high-speed operation. 


Se 2s tecies Kee 
Fig. 12—Tiwe Cuaracrertstics or Hics-Srrenp A-c. Crecriz 
Breaker on SHort-Ciacoir Taser. 

Including Time of Relay and Shunt Trip 


Fig. 12 shows the time characteristics of a high- 
speed a-c. circuit breaker on short-circuit test, includ- 
ing the operating time of the high-speed relay and 
shunt trip. This breaker is designed to interrupt 
short-circuit currents of from 2000 amperes upward in 
0.04 sec. (one cycle on a 25-cycle wave) after the occur- 
rence of a fault. For current values of from 15,000 
amperes upward, the breaker operates rather consis- 
tently in one-half cycle when the short circuit originates 
at or shortly after the zero point of the wave. In the 
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event of the fault occurring relatively late in any given 
half-cycle, it will often persist through the next half- 
cycle before interruption. For current values of 
less than 2000 amperes, the time of interruption will 
still be of the order of one cycle but due to the inherently 
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low blowout values involved as well as the necessity of 
varied relay settings to secure selectivity, the short 
circuit may persist for an additional half-cycle. Tests 
made at current values of from 10,000 to 15,000 amperes 
over a voltage range of from 1500 to 12,000 volts show 
no appreciable difference in the duration of arcing, 
indicating that within the range of service voltage in 
present-day railway applications, the time of circuit 
interruption for a breaker of this type is independent of 
initial circuit voltage. Fig. 18 is an oscillographic 
record of performance on short-circuit test at 11,000 volts. 

A word as to the problems confronting the design 
engineer in attempting to apply high-speed breaker 
operation of this type to higher a-c. voltage service or 
to multiple-phase circuits. It has been pointed out 
in this paper that an auxiliary blowout field is essential 
to high speed interruption at the lower current values. 
Obviously, to be efficient the blowout field must be so 
distributed as to supply not only an intense field at the 
point of origin of the arc but also a properly graduated 
field over the whole area in which the arc may exist at 
any stage of its interruption. As the service voltage 
increases, requiring the drawing of longer and longer 
arcs to rupture the circuit, these magnets must control 
ever increasing areas, becoming in themselves more and 
more unwieldly to support in the breaker chamber with 
adequate insulation clearances. As the magnetic 
structure thus extends farther and farther downward 
into the clear break distance in the open position of the 
contacts in the effort to control the arcing area, the 
travel of the contacts must be increased by a safe 
amount to secure the necessary break distance for 
preventing reestablishment, thus increasing the over- 
all height of the breaker structure and, incidentally, 
its cost. As we approach the point in service voltage 
at which static shielding becomes necessary, these 
problems become so serious as to suggest seeking some 
method of securing the desired circuit conditions other 
than by the use of high-speed breakers. 

As to application in multiple-phase circuits, it is 
obviously unsafe to permit the contacts of any single 
pole of a multiple-pole breaker to be operated inde- 
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pendently of the other poles. This means that the 
tripping point must be so located as to control all of the 
linkage inside of all pole units as well as such linkage 
outside of these units as may be necessary to operate 
the several poles from a central point. This involves at 
once an increase of many times the mass to be acceler- 
ated at high speed and calls for a class of mechanical 
design not hitherto used to any extent in switching 
apparatus. At the best, there must be a very material 
increase in the power of accelerating springs used, 
and this power must again be reflected in increased 
closing loads creating an additional problem not only 
of design but of application as well. ; 

In general the conclusion may be drawn that from the 
design point of view, adequate high-speed circuit 
breakers can be supplied to meet the present-day 
requirements for machine protection in d-c. railway 
circuits as well as such requirements as may be fore- 
seen for some time to come. Also, adequate high- 
speed circuit breakers can be supplied to meet the 
requirements for protection for 25-cycle, single-phase, 
railway electrification work up to 12,000 volts. High- 
speed a-c. breakers for the next one or two steps above 
this in operating voltage for single-phase railway 
service seem, within easy reach although not developed 
at the present time due to an absence of demand for 
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breakers at these voltages. A-c. breakers of this type 
for high-tension circuits, or for multiple-phase circuits 
at any voltage are not at the present time available, 
and seem to present problems requiring a substantial 
amount of development work before they may become 
available. 


Discussion 
For discussion of this paper see page 1311. 


Operating Experience with High-Speed Oil 
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Synopsis.—This paper outlines the experience of the New York, 
New Haven and Hartford Railroad with three high-speed oil circuit 
breakers which were installed in 1925 to serve an electrified branch 
line carrying freight and passenger traffic, both local and through. 

Satisfactory operation of paralleling commercial communication 
circuits, as well as of its own, presented animmediate problem, which 
after study outlined in the paper, finally yielded, and theanswer, in 
part, was high-speed circuit breakers. The electrical and mechanical 
characteristics of these are set forth in detail and illustrated. 

A number of tests of the circuit breakers and communication 
circuits made by short-circuiting the 11,000-volt lines on the branch 
showed currents up to 3000 amperes, and openings in from one-half 
to one and one-half cycles, with satisfactory operation of commercial 
and railroad communication plant. 


CHARACTER OF SERVICE AND ELECTRIFICATION 


EFORE discussing in detail the New Haven 
Railroad’s experience with high-speed oil circuit 
breakers, it will be of interest to review briefly the 

reasons for their installation. _ 

In the latter part of 1924, decision was made to 
electrify the Danbury Branch, comprising 23.82 mi. of 
main, along with 5.1 mi. of passing or side track between 
South Norwalk, Conn., in the New Haven’s electric 
zone, and Danbury, Conn. The service at that time 
consisted of an average of six passenger trains, two 
through freight trains, one milk train, and one local 
freight train per day in each direction. The system of 
electrification was to be essentially the same as that in 
use on the main line, between New York and New 
Haven, Conn., namely, 11,000 volts, single-phase, 25 
cycles, using an overhead contact wire and track rail 
return. A schematic diagram of the distribution 
system, as finally adopted, is shown in Fig. 1. 


COMMUNICATION FACILITIES 


On the branch to be electrified the New Haven had 
open wire communication circuits used by the Western 
Union Telegraph Company and itself respectively. 
Furthermore, on private property immediately adjoin- 
ing and paralleling the company’s right-of-way for 
nearly half of the distance and on public highway for 
the balance of the distance was a commercial open 
wire telephone line, this being more or less spread out in 
the various towns along the way. ‘Therefore, an 
immediately important problem was to decide how best 
to provide for satisfactory operation of paralleling 
commercial and its own communication circuits, and 
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A detailed record of the service operations of the circuit breakers 
along with a statement of failures is given. It is proper to say that 
the latter were more numerous in the early days of their use than they 
have been in recent months, and that a number of the faults are 
chargeable to the railroad’s urgent need for the equipment, thereby 
considerably limiting the development and testing time desired by 
the manufacturer. 

While it was not discussed in detail in the paper it goes without 
saying that in the design and installation of the circuit breakers 
safety was a paramount consideration. The illustrations will 
provide an index of this in the general arrangement of equipment, and 
also in the screen placed horizontally around the structure at the 
floor level to prevent curious small boys from climbing in to 
investigate. 


at the same time not make the electrification itself too 
involved, from an operating standpoint, or too expen- 
sive from a maintenance standpoint. 


STUDIES MADE 


Various schemes were studied involving the use of 
reactors in the trolley and feeder circuits at South 
Norwalk (see Fig. 1), along with booster transformers, 
balancing transformers, and supplementary return 
circuit, independent of the running rails, the induced 
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voltages and other effects in each case being based upon 
the average duration of short circuit as determined 
by oil circuit breakers standard elsewhere in the elec- 
trified zone. The results of these studies indicated 
that the electrification and the communication cir- 
cuits could be so designed that they would operate 
satisfactorily, using existing standard circuit breakers 
to interrupt short circuits, but this involved the installa- 
tion of a number of series booster transformers, which 
were not desirable from railroad operating point of view. 

At this point the installation of high-speed oil circuit 
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breakers at South Norwalk was proposed, with the 
understanding that while they would not decrease the 
magnitude of the voltage induced in the communica- 
tion circuits, yet by virtue of their quick operation, they 
would materially reduce interference in both railroad 


and commercial communication circuits. It was de- 
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cided that circuit breakers of this kind would be more 
desirable than booster transformers, and therefore the 
following program, satisfactory to all interests, was 
adopted: 

a. Place paralleling commercial 
circuits in cable on the public highway. 

b. Install adequate drainage on communication 
circuits on railroad right-of-way—Fig. 2. 

ce. Install high-speed oil circuit breakers at South 
Norwalk together with three-ohm reactor, in trolley 
and feeder circuits respectively, and auto balancing 
transformers at South Norwalk, Branchville, and 
Danbury,—the one at Branchville to have incorporated 
with it an auxiliary unit capable of raising the voltage 
approximately ten per cent. See Fig. 1. 


communication 


DESCRIPTION OF CIRCUIT BREAKERS 


The matter of deciding to use high-speed oil circuit 
breakers proved to be more simple than procuring them. 
Some development work had been done, but the cir- 
cuit breaker was not then in commercial production, 
and considerable pressure was required to convince the 
manufacturer that three should be built. This, 
however, was finally arranged, and they were built 
early in 1925. 

Each of these carries a normal rating of 800 amperes 
at 16,500 volts, 25 cycles. The maximum interrupting 
capacity approximates 35,000 amperes. Direct current 
is used for control normally at 250, but with a standby 
supply at 500 volts. The tripping operation is started by 
solenoids, of which there are two, connected in parallel on 
the lower, and in series on the higher voltage. The 
actual tripping work is done by spiral springs, these being 
compressed during the closing operation by a 110-volt, 
25-cycle, single-phase motor operating through a train 
of gears. The circuit-breaking mechanism is in the 
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shape of an inverted letter “T,” with a blowout coil, in 
series with the circuit to be broken, on each stationary 
contact. The entire assembly is immersed in insulating 
oil, and enclosed in a substantial sheet steel cylindrical 
tank, suitably vented. Two condenser type bushings, 
each terminating in a removable stationary contact 
within the tank carry the current, and the whole is 
supported by four angle steel legs to which are bolted 
east iron feet. There is an individual current trans- 
former of the outdoor type for each circuit breaker, 
which is directly connected to an overload coil, also for 
each circuit breaker. Irrespective of the location of 
the short circuit, whether on trolley or feeder, it is 
desirable to open both trolley and feeder circuit 
breaker, and this is accomplished by auxiliary con- 
tacts on each overload relay so connected that when 
one circuit breaker opens the other will immediately 
follow, thus clearing the line. 


INSTALLATION 


Three circuit breakers were installed on a steel 
platform 27 ft. by 10 ft., with reinforced concrete house 
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directly underneath, and change-over horn-gap switches 
directly overhead. Reference to Fig. 1 will show that 
any of the three circuit breakers may be used in any 
combination, two ata time. Fig. 3 shows an elevation 
of circuit breakers as installed, and Fig. 4 of the entire 


‘substation of which they are a part. 


COMMUNICATION LINE PROTECTION 


The method of applying drainage to communication 
circuits is as follows: The physical circuits are drained 
by two No. 70-A repeating coils so connected that both 
primary and secondary windings are in multiple. The 
midpoints of these windings are then connected to 
ground through one winding of a No. 122A coil, which 
acts also as a drain on the phantom circuit. A com- 
bination such as this was installed at each end of the 
branch and at six intermediate points approximately 
uniformly spaced from each other. 
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TESTS 


In the early part of October 1925 a series of tests was 
made jointly by the American Telephone and Telegraph 
Company and the New Haven to determine the extent 
to which the high-speed circuit breakers, as well as the 
communication line drainage, etc., contributed to satis- 
factory operation. Oscillograph records of these tests 
were made, three of which are reproduced here. They 
are: 
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Fig. 


Fig. 5—A short circuit at Danbury, 23.8 mi. from the 
oscillograph, the latter being at point of supply, South 
Norwalk. The circuit was opened in one cycle (1/25 
sec.) and the current reached a maximum of 1000 
amperes. 


0.01 Sec. 


Fig. 5—Suort Circurr at DanBpury—23.8 M1. 


A. Trolley current—maximum 1000 amperes 
B. Volts across drainage at South Norwalk—maximum 48.7 amperes 


Fig. 6—A short circuit at Wilton, 7.4 mi. from South 
Norwalk, showing an opening in one and one-half cycles 
_ ata maximum 540 amperes. 

Fig. 7—A short circuit at South Norwalk, one-half 
mile from the oscillograph, showing the circuit open in 
one-half cycle, the maximum current being 3030 
amperes. 
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CIRCUIT BREAKER OPERATION 
Considering the three circuit breakers as a group, it 
may be noted that since being put in service in July 
1925 the operation has been as follows: 


Total number of operations on grounds...... 717 
Ave. number of operations on grounds per cir- 

Cult preaker. .,. 2: .0 7... eee 239 
Total number of other operations to 1-1-28... 750 
Ave. number of other operations per circuit 

breaker we ee eee 250 

| | J tI | 
0.01 Sec, 
A A 
8 3 
ral c 
Nolé- Behavior of Bs C probably tansienk effect of 


Trolley » Feeder Circuit Breanev Openings 
Fic. 6—Suort Circuir at Witton—7.4 Mz. 


A. Feeder current—maximum 560 amperes 
B. Track current—maximum 685 amperes 
C. Induced voltage—maximum 1420 amperes 


The circuit breakers have not operated faultlessly 
and therefore the third, or so-called spare circuit 
breaker, has been of real use, but this was to be expected. 
There has been on the circuit breakers as a group, 
since their installation, a total of 25 operating failures 
distributed as follows: 


DUR Rene Gee 
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A A 
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Pm 
Fie. 7—SuHort Circuit at NorwaLtk—0.5 M1. 


A. Trolley current—maximum 3030 amperes 
B. Induced voltage, S. N. E. Tel. Co.—maximum 180 amperes. 
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Of the above failures those due to mechanical causes 
have been most diffleult to find. Adjustment in length 
of operating rod had to take into consideration proper 
sequence of events as between main and auxiliary 
contacts, along with irregularities on the main contacts 
due to arcing. If this operating rod length was not 
correct within fairly close limits the circuit breaker 
would not close and latch, although it would open satis- 
factorily. The forged steel spiral-spring ends in the 
opening mechanism received severe punishment and had 
to be made heavier. Likewise the foot castings on the 
legs had to be made of steel instead of cast iron, and the 
indicating switch operation had to be made somewhat 
more positive. In general the mechanical difficulties 
have been reflections of the very high speed of operation, 
with resultant high starting and stopping stresses. 

On the electrical side trip coil failures predominated, 
due partly to the design of the terminals, and partly to 
the fact that for some reason the tripping circuit did not 
open. The tripping current, particularly at 250 volts, 
is relatively high, and if it is not interrupted as soon as 
its work is done one can look for trip coil difficulty. 
The overload relay failure was due to a ground on one 
of its leads caused by insulation deterioration which in 
turn was due to heat from adjacent d-c. tripping circuit 
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are. Barriers have eliminated the possibility of further 
difficulties due to this source. The motor failures were 
such as are sometimes found in motors of this nature 
and involved adjustment of short-circuiting device and 
cleaning of commutator. : 

In general, the statement is justified that most of the 
faults uncovered by our operation would not have 
appeared if the manufacturer had been given more time 
to develop the design and test it completely before 
installation. 

OPERATION OF COMMUNICATION CIRCUITS 

It may be of interest to note that the program 
outlined in paragraph three, parts a, b, and ec, has 
resulted in satisfactory operation to commercial as well 
as railroad communication circuits. 
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Arrangements of Feeders and Equipment 


for Electrified Railways 
BY R. B. MORTON: 


Fellow, A. I. E. E. 


Synopsis.—This paper outlines the general requirements govern- 
ing arrangements of distribution system and substation equipment 
for electrified railways. By way of illustration it presents a 
general description of the conversion and distribution facilities as 


INTRODUCTION 


UBSTATION equipment necessarily includes con- 
version apparatus required to translate the power 
received over transmission lines into suitable 

form for delivery to the contact system. Such appara- 
tus is usually provided in units so proportioned as to 
load capacity that the outage of any one unit will not 
place limitations to the movement of traffic. 

Switching equipment must be provided which, in the 
event of short circuits, will quickly and automatically 
interrupt the supply of power, and so confine the effect 
of such interruption as to cause the least practicable 
disturbance to movement of traffic. Although in 
_ practise it is necessary to include switching apparatus 
of more or less complexity, the ideal switching equip- 
ment would be none atall. It is obviously desirable to 
keep the switching equipment as simple as the nature 
of traffic requirements will permit. 

The several examples of railway electrification, to 
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which reference is made in this paper, are of a type 
utilizing the single-phase a-c. system of traction, but 
some of the features of switching arrangements herein 
described may also be applied in a d-c. system. Hssen- 
tially in a d-c. system of traction there must be inter- 


1. Project Engineer, Gibbs & Hill, New York, N. Y. 
Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


recently installed in the electrification of the New York Connecting- 
Long Island Railroad to Bay Ridge, and in the electrification, now 
nearing completion, of the Philadelphia-Wilmingion and West 
Chester lines of the Pennsylvania Railroad. 


posed between the step-down transformers and the 
trolley bus, suitable rectifying apparatus, such as 
mercury vapor rectifiers, motor-generators, or rotary 
converters. 

There may be said to be at least four rather distinct 
methods of arranging the switching equipment in sub- 
stations, namely: 

1. An arrangement which provides for switching, 
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under load, the transmission circuits, high and low sides 
of transformers and trolley feeders, as in the case of 
the original Paoli-Chestnut Hill electrification of the 
Pennsylvania Railroad (Fig. 1). 

2. An arrangement which provides for switching on 
the high tension side only for controlling both trans- 
mission and trolley circuits, as in the case of the Vir- 
ginian Railway (Fig. 2). 

3. An arrangement which provides for switching, 
under load, the transmission and trolley feeder circuits, 
but not the transformers, as in the cases of the original 
electrification of the Elkhorn Grade on the Norfolk 
& Western Railway (Fig. 3) and the New York Con- 
necting-Long Island Railroads (Fig. 5). 

4. An arrangement which provides for switching 
under load, on the low tension side only, for controlling 
both high-tension and low-tension circuits, the trans- 
formers being switched and regarded as a part of the 
transmission system, as in the case of the recent 
Pennsylvania Railroad Suburban and Through Elec- 
trification (Fig. 7). 

In the selection of a scheme of distribution for a rail- 
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way electrification, the principal governing factors, not 
necessarily in the order of their importance, may be 
listed as follows: source of power; type of system used 
on any existing electrification to which the new electri- 
fication may be joined; maximum concentration of 
power required for movement of traffic; distances in- 
volved, and probabilities of future extension; number of 
tracks; alinement of railroad and topography of route; 
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Norfolk & Western Railway—Elkhorn Grade Electrification 


property available for substation sites; locations of 
continuously attended points for control; and relative 
importance of insurance against traffic delays. 

An example of simplified substation switching equip- 
ment will be noted in the electrification of the Virginian 
Railway. This system has been described in detail in 
a paper” recently presented before the American Society 
of Civil Engineers. In a typical substation serving the 
single track portion of this railroad there are provided 
three oil circuit breakers. Two of these are high- 
tension breakers, interposed between the transmission 
lines and the step-down transformers, while the third 
is a low-tension breaker, serving to equalize the load on 


the transformer secondaries, or, in the event of one of ~ 


the transformers or one of the transmission lines being 
out of service, serving to feed both trolley sections 
from one transformer. Fig. 2 shows in diagram the 
arrangement of power connections. 


The balancing wire system of distribution for the 
Virginian Railway electrification was adopted mainly 
for the following reasons: 


With main substations spaced on an average about 20 
mi. apart, it was possible, because of. the circuitous 
alinement of the railway, to shorten materially the 
over-all length of the transmission line. The saving 
in cost resulting from this factor, combined with the 
savings due to simplified switching arrangements in 
substations, partly offset the higher cost of transformers 
and the cost of the 24-kv. balancing wire. The ad- 
vantage of a system which materially reduces the effect 
of inductive disturbances on paralleling communication 


2. New York, February 1, 1928, by Mr. George Gibbs. 
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wires was therefore secured, but, however, at some 
expense. 

In a railway electrification comprising two or more 
main running tracks, the contact system is usually 
sectionalized in such a manner that a power outage on 
one track will not interfere with traffic movements on 
the remaining tracks. This necessitates a trolley circuit 
breaker for each trolley section. 

The electrification of the New York Connecting 
Railroad—Long Island Railroad to Bay Ridge, com-’ 
pleted and placed in operation during the summer of 
1927, may be taken as illustrative in the arrangement 
of its feeders and substation equipment. A general 
description of these features may be of interest. 


NEW YORK CONNECTING RAILROAD-LONG ISLAND 
RAILROAD TO BAY RIDGE 

This electrification covers a route 20 mi. in length, 
extending from a freight terminal yard at Bay Ridge, 
Brooklyn, to a point of connection with the Harlem 
River Division of the New York, New Haven & Hart- 
ford Railroad at Port Morris, Borough of the Bronx 
(Fig. 4). 

Freight traffic only is handled, with the exception of a 


Fia. 
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Connecting Railroad—Long Island Railroad—Bay Ridge 
Improvement 


New York 


few passenger trains daily over the Hell Gate Bridge 
route, which service was inaugurated in 1917. Freight 
movements consist of through freight trains operated 
by the New Haven Railroad between Bay Ridge and 
Port Morris, way freight and through freights operated 
by the Long Island Railroad between Bay Ridge and 
Fresh Pond Junction, and yard switching at Bay Ridge 
and New Lots. 

Power Supply. The system of electrification is 
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fundamentally an extension of the New Haven electrifi- 
cation, with 11,000-volt trolleys and 11,000-volt 
feeders of opposite polarity, forming a 22,000-volt, 
_ three-wire system. At present, power for operation is 
received from the New Haven system, which in turn is 
supplied principally from its own generating station 
at Cos Cob, approximately 42 mi. from Bay Ridge, 
and also in part from purchased power delivered to the 
New Haven at West Farms, Devon, and New Haven. 

A variable-ratio frequency changer of 5000 kw. 
continuous rating at 70 per cent power factor has been 
provided at East New York, in an addition to one of the 
substations of the Long Island Railroad. This machine 
is capable of furnishing the single-phase railway sys- 
tem an emergency supply of power from the 11,000- 
volt, three-phase, 25 cycle bus, converting the same to 
power ‘at 11,000 volts, single-phase, 25 cycles, and is 
also capable of acting as a flexible tie between the two 
power systems with ability to transfer a desired amount 
of power in either direction, independently of frequency 
variations up to a total spread of 6 per cent, equivalent 
to 114% cycles. This set is also operated during peak 
load periods as a synchronous condenser for power- 
factor correction on the single-phase railway system, 
for the purpose of improving trolley voltage. When so 
operated, with the three-phase end of the set electrically 
disconnected, an automatic voltage regulator so con- 
trols excitation as to maintain practically uniform 
voltage up to a point where the single-phase machine is 
carrying full rated load of 7000 kv-a. If the system 
conditions require a loading in excess of 7000 kv-a. to 
maintain normal voltage, the excitation is so controlled 
as to automatically droop the voltage, keeping the stator 
current at an average value corresponding to full load 
in amperes. 

Substations. <A total of six auto-transformer stations 
have been provided, separated by an average interval 
of 3.8 mi. The locations of these substations, number 
and size of transformers, and number of trolley and 
feeder circuit breakers in each are as follows: 


Auto- Trolley Feeder 

Location transformers breakers breakers 
Bungay Street............. 1—3000 ky-a. 5 6 
BROWER SAN. ook. eee cae 1— 3000 kv-a. 9 6 
ORE ONG oo nos 5's Seles xs 1—3000 ky-a. 9 ° 6 
mew Lots (“NO”’).......... 1—3000 ky-a. 9 6 
Manhattan Beach Jct....... 1—3000 kv-a. 7 8 
Fourth Ave., Bay Ridge. ...| 2—3000 kv-a. 6 4 


The transformers are of the outdoor type, self-cooling, 
and have a turn ratio of 22,000:11,000 volts. The 
rating as an auto-transformer corresponds to a coil 
rating of 1500 kv-a. for each half of its winding. The 
transformers are capable of carrying 150 per cent of 
rated load for one hour, following continuous rated 
load, and this followed by 300 per cent of rated load for 
five minutes. 

The transformers are connected to trolley and feeder 
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buses through two-pole, 22,000-volt motor operated 
horn-gap switches, capable of safely rupturing trans- 
former exciting current. 

A schematic diagram of one of the substations, indi- 
cating the arrangement of connections of trolleys and 
feeders is shown in Fig. 5. It will be noted that at this 
substation, two of the four feeders are tapped and the 
other two are looped. At the next adjacent substations 
the order is reversed. 

Trolley and feeder oil circuit breakers are of compact 
design, similar to breakers which are used on the New 
Haven system. They haveacurrent rupturing capac- 
ity of about 3000 amperes at 11,000 volts. Short- 
circuit currents for trolley or feeder short-circuits 
adjacent to a substation may reach maximum values 
considerably in excess.of this value. In order to avoid 
imposing on the circuit breakers of the Bay Ridge sys- 
tem, or on the similar breakers of the New Haven 
system, a current rupturing duty beyond the interrupt- 
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ing capacity of those breakers, an arrangement of oil 
circuit breakers is provided on the New Haven system 
at its Cos Cob power plant and at each other point 
where purchased power is received, whereby a flow of 
current of the magnitude of a short circuit causes 
resistances to be momentarily cut into the trolley and 
feeder circuits at such supply points. ‘This reduces the 
flow of short-circuit current to a nominal value. The 
Bay Ridge breakers have been given a predetermined 
time delay of one second following the occurrence of a 
short-circuit, before the tripping circuit is completed, 
which insures that these breakers shall be required to 
rupture but a comparatively small current. After 
slightly more than one second, the several resistances 
are automatically cut-out and normal voltage is re- 
stored to the system. 

All auto-transformer substations are unattended. 
The circuit breakers and motor operated horn-gap 
switches in each substation are controlled from a panel 
mounted in a signal interlocking tower nearest to that 
station. In the case of Bowery Bay substation it was 
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necessary to utilize a system of supervisory control 
from Bungay Street tower, a distance of three and a 
half miles. 

Distribution System. The feeder side of the three- 
wire distribution system comprises four 4/0 copper 
conductors extending the entire length of the line, as far 
as Bay Ridge substation. These feeders are carried on 
pin type insulators of 45,000 volts service rating. 
Between Fresh Pond and East New York is a four-arch 
tunnel, 3500 ft. long, in the outside walls of which are 
banks of cable ducts. Through these ducts four paper 
insulated, lead sheathed cables of 350,000 cm. are used. 


The trolley system for all main running tracks com- 
prises a 4/0 bronze contact wire, 65 per cent conduc- 
tivity, reinforced by a 4/0 copper auxiliary, supported 
by a 19-strand messenger 54 in. diameter, of high 
strength bronze. In yard construction the copper 
auxiliary is omitted. 

Track Return. All rail joints on main tracks are 
single bonded with a No. 1 bond, gas welded to the head 
of the rail. In yard tracks one rail only is bonded. 
Cross bonds are installed at intervals along the main 
line to cross-connect the mid-points of impedance bonds. 


The three-wire system of distribution was selected for 
the New York Connecting Railroad—Long Island Rail- 
road, Bay Ridge line, mainly for the reason that this 
electrification is fundamentally an extension of the 
existing electrification of the New York, New Haven & 
Hartford Railroad.. The distances from the sources of 
power are considerable, but are within the range of 
economical transmission for the voltage employed. 
Circuit breakers of relatively low current rupturing 
capacity are used because they are adequate for the 
conditions of power supply and because they afford a 
considerable saving in first cost as compared with 
breakers of larger current rupturing capacity. 


PHILADELPHIA SUBURBAN ELECTRIFICATION OF THE 
PENNSYLVANIA RAILROAD 


The electrification of Maryland Division, main line, 
from Philadelphia to. Wilmington, Del., a distance of 
about 27 mi., and of the Wawa Branch to West Chester, 
a distance of about 26 mi., is now nearing completion 
(Fig. 6). Approximately 105 mi. of electrified track are 
involved in the main line work, and approximately 50 
mi. in the Branch. 

Substations have initially been equipped for supply- 
ing power for the operation of multiple unit trains only, 
but the Wilmington line has been designed to later form 
a part of through electrification between New York and 
Washington, with locomotive operation of main line 
freight and passenger services. 

Power Supply. Power for the electrification is 
supplied by the Philadelphia Electric Company at 
18,200 volts, 25 cycles, single-phase, delivered on the 
bus bars of the Railroad Company’s step-up station at 
Lamokin Street, Chester. Three self-cooled single- 


FOR ELECTRIFIED RAILWAYS Transactions A. I. E. E. 


phase transformers of 15,000-kv-a. continuous rating 
are provided for stepping up this power to a trans- 
mission potential of 132,000 volts. This transmission 
potential was selected by reason of the large amounts of 
power which will be required for the ultimate through 
electrification, and the considerable distances to be 
covered. 

Initially two transmission circuits of 4/0 copper are 
provided, which are supported on the catenary struc- 
tures. Ultimately it is planned that the number of 
transmission circuits along the main line may be in- 
creased to four. 

Substations. A total of nine substations are provided 
in which the power is stepped down to a trolley potential 
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of about 11,000 volts. The locations of these stations, 
number and size of step-down transformers and ‘the 
number of trolley circuit breakers in each are as follows: 


Trolley 
Location Transformers breakers 
Wilmington........ .++-| 2—4500 kv-a, 4 
Bellevue: sess seles'c 2—4500 ky-a. 10 
Mamokiny $e. cisckece 2—4500 ky-a. 10 
Glenoldens! Hteasaeree 2—4500 kv-a. 8 
Arsenal Bridge......... 2—4500 kv-a. 9 
Morton |..: Sema oe «hae ete 2—4500 kvy-a. 4 
enmliy. crak destaente eee 2—4500 kv-a. 3 
Cheyney’. ..cucen seeboree 1—4500 ky-a. 1 
West Chester........... 2—4500 kvy-a. 1 


The average interval between substations is 6.4 mi. 

It is planned that the number of step-down trans- 
formers in each of the substations serving the main 
line may ultimately be increased to four. 

The transformers are self-cooling, and are capable of 
carrying continuous rated load, followed by 150 per 
cent of rated load for two hours, followed by 300 per 
cent of rated load for five minutes. 


A schematic diagram of one of the substations, indi- 
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eating the arrangement of connections, is shown on 
ewig. 7. 

A feature of these substations, as well as of the 
step-up substation, is the absence of oil circuit breakers 
in the high tension side. 


In the step-up substation oil circuit breakers are 
provided in the low tension side of the transformers, 
giving automatic protection in the event of transmission 
line fault. The transformers are connected on the high 
tension side to outgoing transmission lines through 
two-pole 132-kyv. air sectionalizing switches, remote 
electrically controlled, which are not to be opened under 
load, but are capable of interrupting transformer excit- 
ing current. 

In a similar manner the transformers in each of the 
step-down substations are connected to the high-tension 
lines through air sectionalizing switches, and the low 
tension side of each is connected to trolley and rail 
buses through a two-pole oil circuit breaker, arranged for 
automatic tripping on reverse power, on unbalanced 
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Pennsylvania Railroad—Philadelphia Suburban Electrification 


voltage on the high tension side, or by differential 
protection against failure on the trolley bus or within 
the transformer. A fault on any part of a 182-kv. 
transmission circuit will trip out of service one trans- 
former in the step-up station and one transformer in 
each step-down station which is served by the trans- 
mission line on which the fault occurs. Such an outage 
does not affect train operation, as sufficient transformer 
capacity remains in each substation to handle maximum 
expected loads. If the transmission line fault is to 
ground only, and does not involve the opposite con- 
ductor, the flow of current through the earth, back to 
the step-up station is limited to about 200 amperes by a 
neutral resistance connected to the mid-point of each 
step-up transformer. - 

Trolleys are sectionalized at each substation and each 
trolley section is normally fed from each end, thereby 
avoiding ‘“‘stub-end feed.’”’ Trolley circuit breakers are 
designed to open under short circuit within an interval 
of time not exceeding 1/25 sec. The rupturing capacity 
of these circuit breakers is 50,000 amperes. This high 
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value of rupturing capacity was required with a view 
to ultimate conditions as to transformer capacity at 
step-up and step-down substations. This installation 
represents the first use on any extensive scale of quick 
opening circuit breakers in a-c. railway electrification, 
and it is expected that inductive disturbances and 
damage to overhead wires and insulators resulting from 
trolley short circuits will be minimized by the quick 
acting feature. 

At each substation there is provided a small building 
to house a control storage battery and charging equip- 
ment, protective relays and oil conditioning apparatus. 
All other equipment is of outdoor type. 

Substations are unattended, and are controlled from a 
panel containing control switches and indicating lamps 
placed in signal interlocking towers or other points 
continuously attended. Certain substations on the 
West Chester branch are so remote from a continuously 
attended tower that it was necessary to provide super- 
visory control for these substations, utilizing wire cir- 
cuits in an aerial communication cable along the right- 
of-way. 

Contact System. The contact system for all main 
running tracks comprises a 4/0 bronze contact wire, 40 
per cent conductivity referred to copper, reinforced by 
a 4/0 copper auxiliary, supported by a 19-strand bronze 
messenger 5 in. diameter, of high strength and 
relatively low conductivity. No paralleling feeders 
were required. In yard construction the copper 
auxiliary is omitted. 

Track Return. Ali rail joints on main track are 
double bonded, not for conductivity but to minimize 
signal failure due to broken bonds. A major portion 
of the trackage is bonded with No. 1 bonds, gas welded 
to the head of the rail, and on the remainder of the 
work No. 1/0 bonds with expanded pin terminals are 
used, installed where possible under the joint plates. 
Cross bonds of two No. 2/0 copper are installed at 
intervals to cross-connect the mid-points of impedance 
bonds. 

The type of system of transmission, conversion, and 
distribution adopted for the Philadelphia-Wilmington 
electrification gives a high degree of selectivity in the 
automatic tripping of circuit breakers in the event of 
short circuits, and is adaptable to future extensions over 
considerable distances and to such increase in installed 
capacity as will be required for the future operation of 
through freight and passenger traffic. The West 
Chester line was equipped in a manner similar to the 
Philadelphia-Wilmington line, partly for the sake of 
uniformity of apparatus, and partly because the 132 
ky. transmission lines will ultimately be used as a part 
of a transmission network, in connection with future 
extensions of the electrification on the main line to the 
West, and elsewhere. 

Discussion 


For discussion of this paper see page 1311. 


Protection of Electric Locomotives and Cars 


to Operate with High-Speed Circuit Breakers 
BY E. H. BROWN! 


Non-member 


Synopsis.—This paper discusses the requirements for protecting 
the high-tension circuits of an electric car or locomotive which oper- 
ates on the a-c. single-phase system of electrification. 

The means which must be employed to secure this protection 1s 
outlined. The types of relays used by the Pennsylvania Railroad for 
this purpose are described, together with the connected control circuits. 
These relays are known as pantograph lowering relays, and they 
make use of the opening of the substation breakers on a short circuit 


electric car or locomotive utilizing the a-c. single- 
phase system may be divided into two general 
problems: 

1. Protection of the high-tension circuits and the 
transformer from damage due to grounds or short 
circuits. 

2. The protection of the motors and their connecting 
low-tension circuits. 

While the problems are associated, we will, for the 
purpose of this paper, consider only the problem in- 
volved in protecting the transformer and high-tension 
circuits from the results of short circuits, as transformer 
overload due to the operation of the motors will be taken 
care of by the operation of the overload devices in the 
motor circuits. 

It was formerly the general practise, and this practise 
is still followed on many railroads using the single-phase 
system, to protect the transformer and the high-tension 
wiring by an oil circuit breaker of adequate capacity 
installed on the car or locomotive. On the Pennsyl- 
vania railroad, however, a somewhat different practise 
has been developed for the a-c. multiple unit car and 
locomotive equipment, as it has been found difficult to 
provide, in the space available on the cars or locomo- 
tives, an oil switch of a capacity adequate to open the 
high currents which are possible upon short circuit under 
our operating conditions. This practise is, in brief, to 
insert, between the pantograph and the transformer, 
a device known as a pantograph lowering relay, which 
makes use of the substation circuit breakers feeding the 
trolley wire instead of an oil circuit breaker on the 
locomotive or car. The method followed in the ap- 
paratus used is as given below: 

In the circuit between the pantograph and the 
transformer is inserted a relay known as the pantograph 
lowering relay. When an excessive current passes 
through this circuit, the pantograph lowering relay 
initiates the operation of lowering the pantograph 
through the control circuits and_ electropneumatic 


r \HE protection of the electrical equipment of an 


1. Elec. Engg. Dept., Pennsylvania Railroad, Altoona, Pa. 
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to disconnect the electrical equipment of the car or locomotive from 
the line by lowering the pantograph. Tests of high-speed relays 
recently developed indicate that these relays will give satisfactory 
service with high-speed circuit breakers in the trolley feeders at the 
substations. 

In conclusion, results justify the elimination of circuit breakers 
from electric cars and locomotives by the substitution of the panto- 
graph lowering relay. 


operating devices. This operation cannot be com- 
pleted until the opening of the substation breaker. 
The consequent removal of current from the pantograph 
and its connected circuit permits the relay to complete 
its operation which closes the control circuit to the pan-— 
tograph lowering device and lowers the pantograph | 
during the time that the substation breaker is out. 
It can readily be seen that this device must accomplish 
three things: 

1. It must initiate the lowering operation prior to the 
opening of the substation breaker, because it depends 
on the excessive current flowing in the circuit to do so. 

2. It must not complete this operation until after 
the substation breaker has opened, as it would be highly 
undesirable to attempt to interrupt the current flow 
by lowering the pantograph with the resultant possi- 
bility of severing the overhead contact wire by a power 
are. 

3. It must lower the pantograph in the interval 
between the time of opening of the substation breaker 
and the closing of this breaker by the substation 
operator. 

Other features of the device are important and these 
will be dealt with in the following paragraphs: 

It may readily be seen that after the device has 
functioned to lower the pantograph on a car or loco- 
motive upon which the equipment is defective, the 
pantograph should not be raised by the ordinary means 
at the motorman’s command. An interlocking must 
be provided at the pantograph lowering relay to 
prevent raising of the pantograph by the usual control 
methods. 

It is also necessary that the pantograph lowering 
relay shall assure, as far as possible, that the pantograph 
on the car or locomotive, upon which the equipment is 
defective, shall remain lowered even though the 
latching device may fail and consequently means 
should be provided to retain the air in the lowering 
cylinders, thus preventing raising of the pantograph, 
even should the locking device fail. 

The principal requirements will now be considered in 
detail, to point out the manner in which each affects 
the design of the relay. The first requirement, that the 
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relay initiate the lowering operation before the sub- 
station breaker opens, is by far the most important. 
It is fundamental and upon the success of this first 


operation depends the whole sequence of the further 


events. When the use of the high-speed substation 
breaker was decided upon for the Philadelphia-to- 
Wilmington and the West Chester electrifications of 
the Pennsylvania Railroad, preliminary laboratory 
experiments demonstrated that the type of pantograph 


lowering relay which had previously been used would - 


not operate with this type of breaker. While these 
relays had been satisfactory with the lower speed of 
operation of breakers in the existing substations, the 
high-speed breaker opening the short circuit as rapidly 
as one-half a normal cycle on 25-cycle current, would 
not permit a sufficient impulse to be received by the 
relay before power was off the line. It therefore 
became necessary to develop new relays requiring less 
energy input, but operating on the same current values 


Fie. 1—Motrtiete Unir Car Pantocrara 


as before. These newly developed types will shortly 
be described. 

The second requirement for the relay is that it must 
not complete the operation of lowering the pantograph 
until the substation breaker is opened. This is an 
important function, but one which, with quick acting 
breakers especially, will seldom be called into effect. 
There is one condition, however, which makes this 
requirement most important. This condition exists 
when a short circuit occurs of sufficient value to trip 
the pantograph lowering relay, but does not operate 
the substation breaker immediately. The pantograph 
in this case must not be lowered until the short circuit 
has reached a sufficient value to trip the substation 
breaker and remove power from theline. This function 
can be accomplished by means of an electrical interlock 
breaking the pantograph lowering circuit as long as the 
relay is energized by the short circuit current. 

The third requirement is that the relay must lower the 
pantograph before the substation breaker is reclosed. 
This is not difficult to meet. Under usual operating 


BROWN: PROTECTION OF ELECTRIC LOCOMOTIVES AND CARS 


1303 


conditions, when a substation breaker opens upon short 
circuit, approximately one minute will elapse before 
the substation operator has received instructions from 
the qualified supervisor and has reclosed the breaker. 
Since lowering the pantograph requires a time of only 
about one second, this can readily be accomplished. 

The lowering operation, nevertheless, must be an 
automatic function of the relay and must be performed 
without unnecessary delay. 


Fic. 2—Tyre 37182 Pantrocrarn Lowerine Revay 
Standard type in service on the Philadelphia-Paoli electrification 


Fic. 3—Diaceam or Pantocrarn Contrro, Ciecorrs Usine 
Tyre 371S2 Pastocrarn Lowertne Revay 


A description of the various types of relays employed 
for lowering the pantograph will bring out the means 
by which the above outlined requirements have been 
accomplished. 

First, we will consider the relay and its connecting 
circuits now in service on the Philadelphia-to-Paoli 
electrification of the Pennsylvania Railroad. This 
relay is known as “Type 371S2.” Fig. 3 illustrates 
diagrammatically the electrical control affecting this 
relay and the pantograph. The pantograph is in its 
normal operating position. The auxiliary, or sequence 
drum, by which the motor switches are controlled, is in 
the “off” position, indicating that the motor switches 
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are open. The pantograph may now be lowered by 
pressing the trolley “down” button, admitting air to 
the lowering cylinders on the pantograph. It will be 
noted, however, that by means of the 12 and 19 wires, 
this operation is so interlocked that it cannot be per- 
formed when the circuit has been opened by energizing 
the pantograph lowering relay. This gives the neces- 
sary protection to prevent the pantograph from being 
lowered during a short circuit. When the pantograph 
has been lowered, it is automatically latched by a 


Fic. 4—Trre UC-8 Panrocrarn Lowrerinc Revay 


mechanical device. It can be unlatched by pressing 
the trolley “unlock” button. The operating springs 
will then raise it to the contact wire. This operation is 
interlocked electrically in two ‘places. First, the 
control cut-out plug must be placed in its proper 
receptacle by the motorman, and second, the auxiliary 
drum must be in its “off” position, so that the motors 
are disconnected. 


These are the normal operating conditions. We 
now come to the operation of the pantograph lowering 
relay. When the current transformer shown on Fig. 3 is 
energized by an excess current fiow in the high tension 
lead to the main power transformer, it energizes, in 
turn, the operating coil of the pantograph loweringrelay. 
The armature of the relay is drawn up and parts the 
circuit between the motorman’s trolley “down” button 
and the “down” magnet valve, so that the motorman 
cannot lower the pantograph and the circuit is held 
open for the duration of the short circuit. As soon as 
power goes off the trolley, by opening of the substation 
breaker, the operating coil of the relay is deenergized. 
In the meantime, the contact bearing member has been 
rotated by means of a spring, so that, when the arma- 
ture falls back, it closes the circuit to the battery and 
applies current to the “down” magnet valve, thus lower- 
ing the pantograph. This supplies the automatic 
lowering operation of recnirement No.. 3, before 
mentioned. 

When the “down” magnet valve has been energized 
by operation of the pantograph lowering relay, it is 
connected directly to the battery and remains energized. 
Thus air pressure is held in the pantograph lowering 
cylinders as long as it is available in the control air 
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reservoirs. By this means the trolley is held down, 
regardless of the failure of the latching device and also 
regardless of an effort to raise it with the motorman’s 
“unlock” button. 

Resetting of a relay by members of the train crew is 
not permitted. A car on which the pantograph has 
been lowered by the operation of this relay, and which 
does not respond to the “unlock” button, is towed by 
the other cars in the train until such time as it can be 
inspected by members of the shop force, in order to 
determine the cause of the lowering operation. 

Relays, as above described, using an electromagnet 
operated by current from a current transformer in the 
main high-tension lead and having a movable iron 
armature, have been in satisfactory operation up to the 
present time, but have proved unsatisfactory for use 
with high-speed breakers. A new design of this same 
type has recently been produced that has not yet dem- — 
onstrated its ability to operate at the required speed. 

To take the place of these relays, two different types 
have been submitted. One is operated directly by the 
magnetic effect of the power current passing through a 
surrounding iron core and eliminating both current 
transformer and relay operating coil. The other type 
utilizes current from the current transformer to operate 
a solenoid and plunger instead of the electromagnet and 
armature. Both of these devices have demonstrated, 
by means of oscillograph tests, that they will perform 
satisfactorily with short circuit current flowing in the 
trolley circuit for less than one-half cycle. 

Reference to Fig. 5 will show the circuit arrangement 
for the first of these high-speed relays. This relay is 
known as “Type UC-8.” It is composed of a rectangu- 
lar magnetic core surrounding the high-tension lead, 


Fig. 5—Diacram or Pantocrara Conrro, Circuits Usine 
Tree UC-8 Panrocrarn Lowerinc ReLay 


one leg of which core is pivoted along its length (see 
Fig. 4). This leg is slightly tilted under normal 
conditions to give a small air-gap. Current flow 
in the high-tension cable magnetizes the core, tending 
to close the air-gap. By means of contacts mounted 
on the movable leg, the same circuit relations are 
obtained with this relay as with the old type of relay. 
By the use of a laminated magnetic circuit and moving 
parts of low moment of inertia, it has been possible 
to design this relay to operate within approximately 
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one-third of a cycle. 
is shown in Fig. 6. 
The second type of high-speed relay is shown in Fig. 
7. Itis operated by means of a solenoid plunger and is 
shown in conjunction with a different type of panto- 
graph control, utilizing only one magnet valve (see 
Fig. 8). The magnet valve admits air to a cylinder at 
the pantograph, the piston of which cylinder opposes 
the action of holding-down springs and permits the 
operating springs to raise the pantograph. When air 
is released from the cylinder by deenergizing the magnet 


A typical oscillogram of this relay 
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a. The upper line indicates trolley current. Note that the current was 
flowing during only one half a cycle 

The middle line traces a circuit indicating the operation of a type 37182 
relay. The fact that this line is unbroken indicates that the relay did not 
function 

The lower line is traced by a circuit through the contacts of a type UC-8 
relay. The relay has operated well within the one-half cycle 

b. The current flow lasted for a full cycle in this test 

The type 371S2 relay received sufficient impulse this time to operate. 
The contacts of the relay, however, did not part until after power was off 
the trolley 

The type UC-8 relay again operated within one half cycle 


valve, the holding-down springs lower the pantograph. 
These springs are so interlinked that they overcome the 
raising action of the operating springs and hold down 
the pantograph without the necessity of an additional 
latching device. 

An additional relay is necessary with the type of 
control just described. This relay is called the panto- 
graph operating relay. The function of this relay is to 
hold open the magnet valve which maintains the panto- 
graph in its extended position, against the contact wire, 
during normal operation. 

By referring again to Fig. 8 it will be seen that, in 
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order to keep the pantograph in its operating position, 
the 21 wire leading to the magnet valve must be ener- 
gized and thus the pantograph operating relay must 
be in its latched position, as shown by the diagram. This 
is done by energizing the lower solenoid of the relay 
by means of the trolley “up” button. This push-button 
circuit is interlocked, as with the previously described 
pantograph operating circuit, so that the control cut- 
out plug must be in place and the auxiliary drum must 
be in the “off’’ position. It is also interlocked with the 


Fic. 


“autaoe 
ter 
Fic. 8—Disceam or Pastocrary Contro, Cincerrs Using 
Sotenow Trre or Pastocrarn Lowering Revar 


pantograph lowering relay, so that the operating relay 
cannot be energized when the lowering relay has been 
tripped. 

The normal lowering operation is performed by 
energizing the upper or tripping solenoid of the operating 
relay which trips the latch and breaks the circuit from 
the magnet valve wire No. 21 to the battery. Opera- 
tion of the tripping solenoid is interlocked with the 
pantograph lowering relay, so that when the solenoid 
of this latter named relay is energized the circuit to the 
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tripping coil is broken and is not closed until the 
pantograph lowering relay is deenergized and the 19 
wire is reconnected to the 13 wire. It can beseen that, 
when the lowering relay is tripped, this 13 wire is 
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Fic. 9—TypicaL OscILLOGRAM OF SOLENOID TYPE OF 
PANTOGRAPH LOWERING RELAY 


This type of relay has given satisfactory test results with currents from 
500 amperes upward flowing for one half cycle 

This oscillogram indicates successful operation with 1930 amperes 
flowing for 0.3 cycles on the basis of 25 cycles per sec. 
connected directly to the battery and trips the operating 
relay immediately upon removal of short.circuit current 
from the trolley by the substation breaker. An 
oscillogram showing a typical operation of this relay 
is given in Fig. 9. 
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In conclusion, results secured in the past with 
pantograph lowering relays have been satisfactory. 
There have been no indications that the relays have 
failed to function when required. Although in numerous 
instances the relays have operated without proper cause, 
these false operations have been largely eliminated by 
improved design and proper setting of the relay. 
Recently, types have been developed which are more 
positive in action and are less susceptible to vibration, 
and they have been made sufficiently sensitive and 
rapid in operation to be used with high-speed substation 
breakers. 


It is felt that the additional investment required and 
the effort necessary to provide space on locomotives 
and cars for circuit breakers of proper size is unwar- 
ranted, and that such breakers may be eliminated by 
the installation of a pantograph lowering relay making 
use of the opening of the substation breaker to dis- 
connect the electrical equipment of the car or locomo- 
tive from the line by lowering the pantograph. 


Discussion 


For discussion of this paper see page 1311. 


The High-Speed Circuit Breaker in Service 


on the Illinois Central Railroad 


BY W. P. MONROE: 


Member, A. I. E. E. 


Synopsis.—The purpose of this paper is to describe briefly the 
distribution system of the Illinois Central Suburban Electrification 
and to state considerations influencing the selection of high-speed 
circuit breakers for d-c. feeder and machine protection. The 


HE first large installation of high-voltage d-c. 

high-speed circuit breakers for railway service 

was placed in operation on the Chicago suburban 
electrification of the Illinois Central Railroad, in July, 
1926. The reasons for the adoption of these circuit 
breakers for this electrification, and the results thus far 
obtained with them, may be of interest to those who are 
contemplating similar applications. With this idea 
in mind, the distribution system in general will first 
be described with special regard to those features 
influencing the selection of the high-speed breakers. 
A description of the installation and tests will then 
be given, and finally, the operating experience of 
twenty months service will be discussed. 


DESIGN FEATURES OF DISTRIBUTION SYSTEM? 


The distribution system of this 1500-volt d-c. sub- 
urban electrification was designed to deliver current to 
the trains with the necessary voltage regulation, with 
economy in the use of copper, and with the utmost 
reliability. A simple system resulted consisting of 
seven substations conveniently spaced and feeding 
directly a catenary system without additional feeders 
paralleling the tracks. A satisfactory efficiency of 
distribution was obtained by the use of fie stations to 
connect the catenaries of all tracks together at various 
points, thus dividing the current among the catenaries 
over all tracks and utilizing the total copper to the 
best advantage. 

The absence of feeders, other than the catenaries 
themselves and the substation connections thereto, 
is a factor in obtaining simplicity and in apply- 
ing high-speed circuit breakers. It happened that 
the mechanical design of the catenary was very well 
suited to the conductivity requirements, this feature 
being partly due to the use of tie stations and partly 
due to the fairly close spacing of the substations. 

The tie stations, besides increasing the distribution 
efficiency, divide the catenary system into short sec- 


1. Assistant Engineer, Illinois Central Railroad. 

2. Power Supervisor, Illinois Central Railroad. 

8. For a detailed description of the I. C. R. R. distribution 
system and other phases of this electrification, see series of 
articles in General Electric Review, April, 1927. 

Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 
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knowledge gained by nearly two years’ operating experience with 
this system, which contains 98 high-speed circuit breakers, and the 


conclusions reached, are also presented. 
$e Le Pars 


tions, each fed through its own circuit breakers. Be- 
cause of the large number of sections and sectionalizing 
points of this design, remote control of the circuit 
breakers is necessary. The Illinois Central system 
makes use of supervisory control by which the power 
supervisor, from his desk, can open or close any circuit 
breaker on the system and receive indications of the 
opened or closed positions of these breakers at any time. 

A simplified schematic diagram of the distribution 
system in the district having the heaviest traffic is 
shown in Fig. 1. It is of that portion of the system 
extending from the north terminus at Randolph Street 
to Brookdale Substation, 8.3 miles south. On every 
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Fig. 1—ScHematic DiaGRAM OF PorRTION OF DISTRIBUTION 
SYSTEM 


week-day over 560 electric trains pass through this 
district, the trains ranging from two to eight cars in 
length, the average car weighing 63 tons. The load 
factor, or ratio of average hour to maximum hour over 
24 hr., is approximately 40 per cent for a typical week- 
day load. 

The complete distribution system is shown in Fig. 2. 


CONSIDERATIONS LEADING TO THE SELECTION OF 
HIGH-SPEED BREAKERS FOR THE SERVICE 


The reliability of the distribution system depends 
upon adequate protection from short circuits, over- 
loads, and other electrical disturbances. Its avail- 
ability, or freedom from service interruptions, depends 
upon the quick isolation from the rest of the system of a 
section directly affected by the fault without interfering 
with service on the neighboring sections. 

An inspection of Fig. J shows that in the Illinois 
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Central distribution system most of the sections of 
track are fed directly or indirectly through a large 
number of circuit breakers; and that if a short circuit 
occurs in one section, a number of other sections may be 
affected unless only the breakers feeding directly into 
the short circuited section open and isolate it. The 
circuit breakers, therefore, should have a high degree of 
selectivity in their operation. 

They should also act at sufficiently high-speed to 
avoid serious burning of the catenary or train 
equipment. 
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2—ComPpLeTeE SCHEME OF DISTRIBUTION ON THE 
ILLinois CENTRAL RAILROAD 


They should be adapted to remote control since many 
of them will be in unattended stations and all must be 
under direct control of the power supervisor’s office. 

Their reliability should be such that they will not 
require very frequent maintenance attention. 

The Commonwealth Edison Company of Chicago 
and affiliated Public Service Company of Northern 
Illinois own and operate the substations feeding the 
Illinois Central distribution system, and also own and 
maintain the feeder circuit breakers in the substations. 
The operation of these breakers, however, is of great 
importance to the railroad because they form a part of 
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the distribution system and must act in conjunction 
with the tie station breakers. The Edison Company 
and railroad engineers, therefore, worked together in 
selecting the type of circuit breaker and protection 
scheme used in the substations. 

A study of the merits of all proposed 1500-volt d-e. 
circuit breakers, including extensive factory tests, 
resulted in the selection of the General Electric type 
J R high-speed circuit breaker for the service, and this 
type is used in all section feeders at all substations and 
tie stations (Fig.3). They are also used in both positive 
and negative leads of the synchronous converters in sub- 
stations. The detailed theory of action of this breaker 
has been previously described before the Institute.+ 


Fic. 3—Hicu-Speep BREAKER UNMOUNTED 


INSTALLATION AND INAUGURATION OF SERVICE 


The most modern type of construction was used in the 
installation of the circuit breakers in both substations 
and tie stations. Each high-speed breaker is mounted 
on its own truck with control panel, and spare trucks 
with breakers are available so that repairing is made 
easy by the removal of the bad order circuit breaker 
and truck to be repaired and replacing it with a spare 
truck containing a spare circuit breaker. The circuit 
breaker trucks can be interchanged readily in the tie 
stations and in the substations, but an attempt is made 
always to keep each breaker in the same feeder. Al- 
though most of the parts are interchangeable, a com- 
plete tie station breaker cannot be interchanged with a 
substation breaker, because the holding coil of the tie 

4. The High-Speed Circuit Breaker in Railway Feeder Net- 


works, by J. W. MeNairy, Trans. A. I. E. E., Vol. XLV, 1926, 
p. 962. 
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station breaker is energized from 1500 volts while 
that of the substation breaker is energized from the 
substation 125-volt d-c. supply. 

Automatic reclosing features are a part of the 
control of the tie station breakers, but the closing 
of substation feeder breakers is governed entirely by 
supervisory control. Both tie stations and substations 
are equipped with transfer buses so that in emergencies 
two or more sections can be fed through the same circuit 
breaker. 

The calibration of the feeder circuit breakers was made 
at the factory. The settings of thetripping points, how- 
ever, were precalculated by the railroad company’s engi- 
neers, and the breakers were set accordingly during the 
installation. In order to make sure that the predeter- 
mined settings were right, a number of short circuit tests 
was made at the completion of the installationand when 
power was available at the d-c. buses of the substations. 
A test car was equipped so that short circuits could be 
applied at any point, and an oscillograph was installed 
in the car to record the short-circuit currents and time 
characteristics of the circuit breakers. 

The first tests were made at the Homewood tie 
station, in an outlying district, where short circuits 
were applied to the catenary at a point very close to 
the tie station. It was found that the selectivity of 
the circuit breakers in isolating the fault was very 
satisfactory. Tests were also made at 11th Street tie 
station, one of the largest tie stations in the system, 
and in this case also the selectivity was satisfactory with 
the predetermined settings, but some minor adjust- 
ments were found to be necessary. Similar tests were 
made at the other tie stations and substations. In 
this way the system was “‘tuned up”’ for safe and correct 
operation of circuit breakers. In only a few cases was 
it deemed advisable to change the predetermined cir- 
cuit breaker settings. 

In the two-track district between Front Avenue and 
Harvey substations, there is no tie station, (see Fig. 2). 
It was found that the rate of current rise at one of the 
Front Avenue substation feeder breakers was not 
sufficient to openit when a short circuit was applied near 
the Harvey substation, although the Harvey substation 
end cleared satisfactorily. The short-circuit current in 
this case is limited to a maximum value of approxi- 
mately 3500 amperes by the resistance of the line. 
The predetermined setting of the Front Avenue break- 
ers was 4000 amperes, but it had to be reduced to 3500 
amperes to insure protection. Since the breakers feed- 
ing the district south from Brookdale substation to 
Front Avenue substation, and those feeding north from 
Harvey substation to Front Avenue have the same feed- 
ing distance without tie stations, their settings werealso 
lowered to 3500 amperes. Later, the manufacturers 
altered the design of the inductive shunt for these 
breakers, changing both resistance and inductance, so 
that the settings could be raised to 4000 amperes with 
ample protection. These circuit breakers with low 
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settings are now all equipped with the new shunts and 


the settings readjusted to 4000 amperes accordingly. 
Since the accelerating current of a ten-car multiple 
unit train approaches 4000 amperes the setting at 4000 
amperes (for straight overload) seems to be low to pre- 
vent circuit breaker openings from the useful load. 
Actually, the breakers are sometimes opened by the 
load, and as traffic increases, the openings will increase. 
It has always been the intention of the railroad to build 
a tie station in each of these districts when the traffic so 
demands. 

These preliminary tests on the distribution system 
have proved the advisability, if not the necessity, of 
thoroughly trying out a distribution system of this 
kind before regular service is started. As a further 
precaution, when the I. C. R. R. electric suburban 
service was fully inaugurated in August, 1926, emer- 
gency operators were stationed in the most important 
tie stations during the rush hours to take care of any 
failure or faulty operation of the circuit breakers. 
The necessity for this latter precaution was not proved, 
however, since no serious troubles developed. 


RESULTS OF TWENTY MONTHS OPERATING EXPERIENCE 


Since August 1926, the high-speed breakers have been 
in continuous service handling the dense traffic of the 
Illinois Central electrified suburban lines. During this 
period, there has been opportunity to observe their 
performance under varying conditions, and there are 
presented herewith brief comments on certain features 
of the actual operation in service of these high-speed 
breakers. 


ADVANTAGES 


The inductive shunt principle and directional charac- 
teristics of the high-speed circuit breakers make auto- 
matic isolation of trouble by selective operation simple 
and almost 100 per cent. 

The high-speed operation reduces to a minimum the 
damage to train equipment and overhead. In fact, the 
burning is so slight that in most cases it is difficult to 
locate by inspection a traction motor which has flashed 
over. In no case has the damage by a single flashover 
been sufficient to necessitate taking a motor out of 
service. 

With a lapping section insulator, such as is used on the 
Illinois Central, more or less burning is caused by a 
pantograph moving over a section insulator, one side 
of which is alive and the other side temporarily 
grounded by a short circuit or for some other reason. 
High-speed circuit breakers reduce this burning to a 
minimum. A recent communication from the Vic- 
torian Railways of Melbourne, Australia, which is in 
the process of changing to high-speed circuit breakers 
on their 1500-volt d-c. electrification, states that trouble 
from this cause has been considerably reduced thereby. 
Their report bears out the experience of the Illinois 
Central. 

Care of the high-speed circuit breaker contracts has 
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been found to be almost unnecessary, due to the secure 
manner in which they are held together magnetically, 
instead of relying on a spring and latch arrangement. 

In the early stages of electric operation, there was a 
very large number of automatic circuit breaker open- 
ings for which there was no visible cause. Many of 
these were due to overhead or train equipment troubles 
which occurred periodically and the small amount of 
burning made it impossible to locate the fault by ordi- 
nary inspection. Others were known to be due to 
motor flashovers caused by wheels slipping on wet 
rails; this is now avoided by proper handling of the 
trains by motormen. 

To trace recurring troubles, a systematic record of 
automatic circuit breaker openings is kept. For each 
automatic opening a notation is made in this record of 
the train in the trolley section, the numbers of the 
motor cars in the train, location of the train, and the 
name ofthemotorman. The following results were and 
are obtained from the study of periodic summaries of 
this information: 

1. Motor flashovers due to slipping of wheels 
was confined to a few motormen. These motormen 
were given special instructions and motor fiashovers 
from this cause have been reduced from about thirty 
per month to about three per month, and the damage is 
almost negligible. 

2. If an unusual number of circuit breaker openings 
is found to occur at times when trains are passing a 
certain point, a thorough inspection of the overhead is 
made, which usually results in the discovery of a 
catenary defect at the location. 

3. Car equipment trouble is shown by an excess of 
circuit breaker openings marked against a particular car 
and this car is taken in for inspection. These in- 
spections invariably verify the evidence shown by the 
automatic opening report. 

It is believed the tracing of these faults before serious 
damage results is made possible by the high speed 
characteristics of the circuit breakers. 


DISADVANTAGES 

There is theoretically an inherent defect in the high- 
speed breaker characteristics as applied in this service 
with a short circuit occurring at the time of heavy 
traction load. When the circuit breaker is carrying 
heavy current in the right direction for its operation 
and a short circuit occurs on an adjacent section not 
directly fed by the breaker, there is a possibility of the 
breaker opening automatically and incorrectly from the 
selectivity standpoint. This incorrect operation is 
due to the load current superimposed on the short- 
circuit current, the effect being to lower the critical rate 
of current increase which will open the breaker on 
short circuit. Actually there have been very few 
incorrect automatic openings of circuit breakers which 
have been traced to this cause. 

The setting of high-speed circuit breakers on the 
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Illinois Central is accomplished by turning a one-inch 
iron screw in or out of the holding coil core, thus varying 
the reluctance of the holding coil magnetic circuit. A 
marked brass calibrating plate serves asascale. Sucha 
method of setting is not very accurate considering that 
highly selective operation is expected. Also, a circuit 
breaker truck must be removed from the circuit in 
order to change the setting. 

The breaker setting is changed somewhat by the 
wearing of the main contacts, and periodic calibrating 
will probably be necessary. Such calibration would 
require artificial loading which would be cumbersome 
with 5000- or 6000-ampere settings. However, this will 
be an infrequent procedure. 

Although its advisability may be questioned, it is a 
practise of most operating companies to relieve traffic 
congestions by holding carbon circuit breakers closed 
for a short time. The high-speed circuit breaker does 
not permit this practise and three cases of breakers 
opening on legitimate load on the Illinois Central have 
resulted in serious delays. : 

It is sometimes desirable to burn clear a minor short 
circuit. This is almost impossible due to the high-speed 
operation. In one case, a No. 12 A. W. G. meter lead 
grounded to the meter frame and could not be burned 
clear. This occurred on a test train previous to regular 
operation, but could have caused serious delays had it 
occurred in regular service, since it was difficult to 
locate. 

The injurious effects of the high-voltage surges in- 
duced by the high-speed operation have sometimes been 
cited as a disadvantage of the device. These surges on 
our system amount to approximately double the line 
voltage and are greater than the surges due to openings 
of carbon circuit breakers. There has been no direct 
evidence of damage caused by these surges on the 
Illinois Central. 

A number of minor changes in design of the high- - 
speed breakers has been effected since the original 
installation. These alterations were made by the | 
manufacturers to correct faults which developed under 
operating conditions. As an example, considerable 
trouble was experienced by the breakers pumping, due 
apparently to bouncing of the armature against the 
core. This pumping often resulted in the reset coil 
burning out. A change in design of the reset coil core 
has corrected this defect. 

The reset coils of the present high-speed breakers 
seem to be designed with only a narrow margin of safety 
as regards operating temperature, since they will reach 
dangerous temperatures if operated at too frequent 
intervals. A more liberal design of coil would correct 
this disadvantage. 

Two serious substation bus short circuits were ex- 
perienced, which may have been due to insufficient 
clearance of the sheet metal enclosure of the breaker 
mechanism. The circuit breakers are now being 
mounted on an ebony asbestos base, instead of metal, 
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and no further trouble is expected. It is understood 
the manufacturer is incorporating this change of design 
in all new high-speed circuit breakers. 

It was necessary to raise the overload setting and to 
remove all but 3 in. of the iron on the inductive shunt 
of the positive machine breaker in the substations, 
which was set for a low value of reverse current. A 
sudden interruption of current in the normal direction 
(such as opening of a feeder breaker) causes a reverse 
flow of current in the bucking bar due to the collapse 
of magnetic flux in the inductive shunt, the effect being 
to open the breaker unnecessarily. The changes in the 
setting and inductance of the shunt obviate this 
difficulty. 

It is concluded that the disadvantages in this case 
may be said to be minor defects and there is no doubt 
that the high speed breaker has contributed much to 
the success of the Illinois Central electrification. 


Discussion 
PAPERS ON ELECTRIFIED RAILWAYS 
(McNairy, Witcox, Barpo, Morron, Brown, Monror 


AND ALLEN) 
DENVER, Coto., JUNE 27, 1928 

H. C. Graves: Mr. Wilcox mentions selective relaying equip- 
ment as a necessary adjunct to the breaker described in the 
paper presented by him. I should like to outline the system 
conditions obtaining on an actual, typical system, which made 
simple over-current tripping means inadequate, to describe the 
application of high-speed relays, and to give test results which 

illustrate the adequacy of the protective relay equipment used. 
The four-track railway system connection is shown at the 
bottom of the accompanying Fig. 1. The four 11-kv. contact 
lines are sectionalized at each feed-in substation, which are lo- 
‘cated at approximately equal intervals. Hach 11-kv. substation 
bus is fed by high-tension feeders through one to four trans- 
formers depending on load conditions. The generating capacity 
feeding into the high-tension feeders through transformers, may 
vary from one to eight generators. The impedance of the high- 
tension feeders is negligible as compared to the impedance of 

generators, transformers, and contact lines. 

Short-cireuit conditions existing on this system are as shown 
-at the top of Fig. 1. Since the high-speed relays must operate 
within 0.01 seec., or 14 of the cycle, after the relay setting is 
exceeded, they must frequently operate under asymmetrical 
eurrent conditions. For this reason, the maximum current 
condition which must be considered is the maximum instantane- 
ous asymmetrical condition. These maximum values of current 
which operate the relay on the faulty line, for example at bus A 
in Fig. 1, are shown in Curve 1 ranging from 24,000 amperes 
with a fault located just outside of the breaker near the bus to 
2700 amperes when the fault is at the opposite end of the line. 
Minimum values of fault currents will exist when the fault oceurs 


at a time which causes symmetrical conditions of current to 


exist, and when the generating capacity is a minimum. These 
currents are as shown by Curve 2. The ratio between maximum 
fault currents to minimum currents with all breakers closed is 
seen to be approximately 6 to 1. 

During fault conditions, some currents will flow in unfaulted 
contact lines and tend to cause operation of their protective 
relays. Curve 3 shows how these currents vary for a particular 
operating setup. Under these conditions the line relays must not 
cause tripping. 

Using these curves as a basis for determining the type and 
setting of protective relays it may be seen that instantaneous 
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over-current relays cannot be applied to protect against all 
conditions because: (1) Under minimum operating conditions 
they must clear with 1700 amperes flowing into each end of the 
line, the fault being in the middle; or if the fault occurs at one 
end of the line the breakers must clear with 4200 amperes 
flowing at that end but only 600 amperes flowing at the other 
end. This is shown in Curve 2. (2) Under certain conditions, 
as shown in Curve 3, 2700 amperes may flow in the unfaulted 
line which must not cause clearing. If the relays do operate 
under this condition, a total of 16 breakers may open, two of these 
alone being sufficient to clear the faulty line. (3) To the fault 
current in the unfaulted line may be added load current of 1200 
amperes which still must not cause clearing. 

Thus the relay system must operate with only 600 amperes 
flowing in a faulted line and must not operate with 3900 amperes 
flowing in an unfaulted line in order to assure perfect selectivity. 
Further calculations also show that with a fault near one end 
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of the line, the breaker nearest the fault being open, the current 
flow through the other end may be only 1900 amperes and the 
relay must operate under this condition. Simple over-current 
relays are obviously not applicable. 

In order to secure all the advantages of the high-speed breakers, 
cascading or sequential operation of breakers should be avoided. 
This is a function of the relay system. 

One suitable system of protection could be built around 
pilot wires. An objection to this system is found in the cost 
and maintenance. A second suitable system involves installing 
reactors in series with each breaker so that the current in the 
faulty line is always larger than that in the unfaulted lines. 
The reactors create an unbalanced current so that even with the 
fault just outside of the bus, relays can be made to discriminate 
on the unbalance. The objection to this system lies in the cost 
and inereased voltage drop and losses due to the line reactors. 
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In either of the above systems provision must be made for suit- 
able compensation for normal load currents. 

A relatively inexpensive scheme of protection has been devised 
to give 100 per cent seleetivity which permits easeading for only 
a very small percentage of the contact line length. It does not 
necessitate line reactors or pilot wires, and works from standard 
current and potential transformers. The relays operate in from 
0.001 to less than 0.01 see. from the time when the relay setting 
is exceeded. 

The scheme is built about a relay which is independent of 
connected generating capacity. This is an over-current relay, 
instantaneous in its operation, which has a current setting de- 
pendent on the bus voltage. With a fault located at a definite 
point on a contact line, the ratio between voltage and eurrent, 
which determines the operating point of this relay, is a constant. 
Thus the relay is equivalent to an impedance-measuring device 
and can therefore be set to operate for any faults within a certain 
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distance from the breaker. The sensitivity of this relay is such 
that in practise, it is set to operate with faults located within 90 
to 95 per cent of the contact-line length. 

With faults near one end of the line, the current through the 
other end of the line will be small, and will correspond te approxi- 
mately 600 amperes or one-half of the maximum normal load 
current. However, the voltage on the relay at the far end is 
low so that the relay will operate. Thus this device will not 
operate on 1200-ampere load current but will operate on a 600- 
ampere fault current or even less 

When a load is connected just outside of one breaker, it will 
effectively change the impedance of the line when faults oecur 
at the opposite end of the line. Its effect is to reduce the im- 
pedance to the flow of current through the breaker and thus 
inerease the likelihood of the relay operation. Therefore. in 
order to avoid faulty operation a presetting device has been 
added which changes the impedance setting of the relay depend- 
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ing upon the amount of load in the cireuit. The diagram 
in Fig. 2 shows how this setting change is effected. The load 
presetting relay cuts out resistance, normally in series with the 
potential restraining circuit of the impedance relay, as the eur- 
rent in the line increases. Thus when loads are located on this 
line near the station the effect of the potential coil is compara- 
tively large. As this load travels along the contact line toward 
the other station the load presetting relay slowly changes the 
amount of resistance in series with the potential coil so that 
the relay will always operate, independently of load conditions, 
with all faults located within 90 to 95 per cent of the distance 
to the next substation. 


INSTANTANEOUS eee RELAY CHARACTERISTIC 
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As is the ease with all impedance devices, a directional relay 
is desirable. An induction disk, or integrating device, cannot 
be used for this application since its time of operation is entirely 
too long. The principle of operation of the device used for the 
directional feature depends on the fact that the current through 
the transformer bank at a station is very nearly in phase with 
the current flowing in the line. As a result, the relative direc- 
tions of the instantaneous current values can be used for deter- 
mining the direction of operation of a polarized relay. The 
transformer-bank eurrent polarizes the relay as shown in Fig. 2, 
and the direction of operation of the relay then depends on the 
line current. The relay is very fast in operation under any fault 
condition that can cause operation of the impedance device. 
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The characteristic curve of one of these relays is shown in 
Fig. 3. The relay has been made to operate with current in the 
line alone so as to be independent of whether the transformer 
bank is connected in the cireuit or not. Adjustments on the 
relay permit the relay'to operate at any value of line current 
alone, which may prove to be desirable in a particular application. 

Mention has been made of the fact that this impedance relay 
will operate for 90 to 95 per cent of the line length, and will not 
operate with faults just outside of the station at the opposite 
end of the line. However, in that-case, the impedance relay at 
the fault end of the line will cause quick clearing of the breaker 
at that end, and thus leave only the breaker farther from the fault 
to feed into the fault. As soon as the breaker at the fault is open, 
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the current through the breaker at the far end of the line increases 
to such an extent as to permit operation of a time-delay over- 
current relay. This relay operates after a time delay of approxi- 
mately 114 cycles to cause clearing of this breaker. Thus, the 
sequence of operation for faults in the area where simultaneous 
operation is not obtainable, is that the breaker immediately 
adjacent to the fault opens instantly due to the impedance 
relay, and then the breaker at the far end of the line opens due 
to the operation of the time-delay relay. 

In order to determine the efficacy of this system of relaying, a 
test setup was made. The diagram of connections is similar 
to that shown in Fig. 1 and the short circuit currents are as 
illustrated. Fig. 4 illustrates an oscillogram which was taken 
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on this test system. The transformer currents and line currents 
are shown on the oscillograph record, the arrows from the 
diagram indicating each particular current. The voltages on 
the busses at each end of the circuit are also shown. Element 
No. 2 represents the eurrent flowing through the trip coil of the 
breaker closer to the fault in this figure and Element No. 7 
represents the current in the trip coil at the far end of the faulty 
line. As may be seen from the operation of Element No. 2, the 
trip coil of the breaker at the fault was energized immediately 
on the occurrence of the line trouble with the result that the 
heavy current was cleared in approximately 1% eycle. The 
trip coil of the breaker at the far end of the line, as shown in 
Element No. 7, was energized approximately 134 eyeles after 
the fault occurred. This fault was taken in a position such that 
sequential operation of breakers was necessary. Figs. 5 and 6 
represent faults at different points along the contact line. The 
oscillograph elements are the same as shown in Fig. 4. The 
total time of clearing for Figs. 5 and 6 was less than 1 eyele, 
and simultaneous operation of the breakers occurred. It is 
to be noted that the trip coils of the breakers at both ends of 
the line were operated almost simultaneously. 


Thus, the use of a breaker with trip magnets permits the use 
of any type of relays desirable for any particular installation. 
This permits the use of pilot-wire schemes, line reactors, impe- 
dance relays, or any other relay system which seems best to fit a 
particular application. It permits system changes to be made 
which necessitate changes in the relay system at a comparatively 
small cost. 


The scheme of high-speed relay protection described includes 
many of the standard protective schemes. The relays are 
modifications of those commonly used. The experience gained 
with this system would seem to indicate that any commonly 
used system of protection can be modified so as to be applicable 
for high-speed breaker operation. 

F. C. Hanker: Mr. McNairy raises an interesting compari- 
son as to the relative inductive influence produced by a-e. railway 
circuits and the usual power circuits. The only important dif- 
ference between these two systems from an inductive-coordina- 
tion aspect is the fundamental-frequency induction from the 
normal operating currents. The induced voltages from an a-c. 
railway system are due almost entirely to the earth return loop. 
In the case of faults to ground, the essential difference is only 
one of degree and not one of kind, assuming the power system to 
be grounded as is normally the ease. 

On the basis of equal fault currents on an a-c. railway system 
and on a 60-cyele power system, the induced voltages for the 
60-cyele system would be approximately 10 times as great as 
for a fault on the 25-cyele system. This is due in part to the 
higher coupling factor at the higher frequency, and in part to 
the small earth current, which in the ease of a four-track elee- 
trification is only approximately 25 per cent of the total return 
eurrent, the rails carrying 75 per cent of the return. In the case 
of the electrification mentioned by Mr. Graves in his discussion 
of Mr. Wilcox’s paper, the total fault current flowing from one 
station to a fault at an adjacent station is approximately 10,800 


amperes. The 60-cycle current causing the same induced voltage 
10,800 2 fae 
would be 3.4 50k = 1125 amperes, a value which is exceeded 


on many power systems for faults to ground. It is important to 
note that in the ease of the railway system, the induction in 
sections not adjacent to the fault will be negligible. This is by 
no means true in the ease of power transmission systems where 
the fault current will be of substantially the same value for 
parallels of several times the length of a normal railway distribu- 
tion section. 

Mr. MeNairy makes the statement that the induced voltage 
from railway systems will be more frequent and of greater magni-. 
tude than the disturbances set up by an ordinary power circuit. 
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While it is undoubtedly true that such disturbances will occur 
with greater frequency on a railway system. we feel that the 
voltage for an equal exposure will be higher for the power system. 
Therefore, the only way in which we ean reconcile Mr. MeNairy’s 
statements is on the basis of unequal exposures. 

It seems to us that the outstanding factor in the coordmaiion 
problem arising from a railway electrification is due not to the 
peculiar characteristies of the electrification system, but princt- 
pally to the severe exposures which were created early in the 
development of thé railway and communication services before 
the coordination problem was appreciated. 

We note that Mr. MeNairy states that a breaker and relay 
system designed for one-eyele operation will be the most desirable 
from an inductive-coordmation standpeimt. An effort to pro- 
duee a faster breaker would probably cause undesirable transient 
induced voltages. This has been the basis of the denen of all 
our high-speed a-c. cireuit breakers, inclading the origmal 
New Haven breaker designed m 1922. 

In Mr. Grave's diseussion of Mr. Wileox’s paper it was broaght 
out that on an actual system there were certam conditions of 
minimum generating eapacity which required breaker operation 
on currents as low as G00 amperes or less, while under maximum 
eonditions the breaker should not open on currents as high as 
3900 amperes, this value being the sum of lead eurreni and eur- 
rent flowing to the fault in the good mes. That is, ait the remoie 
end of four parallel Imes the faulted me may be carryme a 
eurrent of 2700 amperes. the trolley with load may have a current 
of 3900 amperes, and the other two unfsulied trolleys may be 
carrying a current of 27700 amperes. Under mmimum generaime 
eonditions, the faulted trolley earrent will be 600 amperes or less, 
the loaded trolley 1800 amperes, and the other iwo unfaulied 
trolleys 600 amperes. Under such conditions, will the proiec- 
system deseribed by Mr. MeNairy preveni the loaded and 
unfaulied Imes clearing before the unloaded faulied limes? This 
Siiuafion would appear to be even worse if there are only two 
contact Hmes in service. It would appear thai if the irippms 
point is set high enough to avoid clearing the loaded unfaulied 
lines, even sequential aciion could not be depended upon to clear 
the fauliy ime im such a ease as Mr. Graves poimis oui, sinee 
even after the breaker ai the faulted end of the Ime has opened, 
the eurrent ai the other end may not exceed 1900 amperes. 
It may be possible io proportion the loadime and saturating re- 
Sisters to cover sucha range. I should ike to hear some quani?- 
tative dsia from Mr. MeNairy on this pomt. 

The trip-coill currents ploited by Mr. McNairy m Fiz. 4 are 
based on a symmetrical shori Grenit. The duraiion of the first 
loop of current is frequently more than 14 evele, and from his 
equations it would appear that f we assume y = 45 des_, the 
izip-coil current would pass through one of the fiat spaces shown 
in the figure before having iis first mitt] mse. This would 
mean that there would be no distortion in the holdmmg magnet 
untill the second eurrent loop. which would mean more than 
8 eyele delay before the breaker siaris io open. Further. 
there is some doubi about Eq. 9 and a later one which make it 
difiiealt to predict whai the effect of an unsymmeirical shori 
eireuit would be. and it would therefore be desirable to ask 
Mr. MeNairy to explain further this phenomenon regarding an 
unsymmeirieal fauli- 

Sidmey Withinston: [Ii is of considerable interest thai the 
apperaius described by Mr. Bardo, which represenis the first 
examples of iis type to be placed in commercial operation. should 
have proved so successful. The cirenit breakers were built. 
as Mr. Bardo says. after some hesitation on the part of the mann- 
facturers, who perhaps naturally were not enthusiastic in making 
development of this nature which the quantity then immediately 
in Sight did not apparently justify placing upon a manufacturing 
basis. Subsequent demands are. however. an indication of the 
value of this type of equipment and the expense of this initial 
development has undoubtedly been warranted. 


tive 
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The operation of these cireuit breakers has on the whole been 
very satisfactory, especially considering the fact that they 
represented a type of apparatus of rather radically novel design 
as compared with cGreuit breakers previously available. The 
difficulties which have been experienced were mostly of a minor 
nature and in practically all cases did not prevent proper clearing 
of the Greuit. In most of the imstances a minor revision in 
design has prevented a repetition so that in the future even better 
records may be confidently expected. 

"The installation has been of value in that by quickly clearing 
munication circuits have been prevented without consideration of 
booster transformers or other undesirable apparatus, and damage - 
to the power distribution system on account of ares at the point 
of fault has probably. in some instances at least, been eliminated. 4 

It is entirely probable that on account of the obvious advan- 
tages in quickly clearing a cireuit disturbance the use of high- 2 


P. H. Hatch: 
protectin fe: eS ee 
~<. single-phase system is becoming more and more important 
a tho ungpuitnlin ak eareient an poliuk ee As Mr. Brown 
pointed out, sufficient space is usually unavailable on rolling 
stock to accommodate a circuit breaker eapable of rupturmga 
dead short cirenit. This has meani, on most eleciric railroads 
using a-c., that what cireuit breakers have been supplied are used 
essentially as oil switches. Some method, therefore, must 


taken the form of a time-element relay so adjusted that the ’ 
cGreuit breakers on the locomotives or cars, in ease of short 

Greuit, will not operate until sufficient time has elapsed for the 

seetionalizing breakers in the feeder and trolley circuits to trip. 

Tt would seem that some arrangement for isolating a short 
Gireuit on a unit of rolling stock might be developed which would 
combine the advantages of lowering the pantograph auto- 
matically and at the same time introducing a definite time de 
ment between this operation and the appearance of the short 
Gireuit, which would give the sectionalizing breakers time to act. 
Hence, if for any reason the sectionalizing breakers have failed 
to act and the short circuit hangs on, the locomotive or car will 
be isolated. This. of course, involves the possibility of the power 
are burning the overhead line in two, but where safety of per- 
sonnel might be affected, this feature could easily be risked. 

Referring again to Mr. Brown's paper, the development and 
application of high-speed cireuit breakers for controlling the 
power supply introduces the problem of obtaining a relay suffi- be 
Gently sensitive to operate when the current to the section 
affected is broken im less thanaeyele’s time. This has been very j 
adequately dealt with in the paper referred to. " 

It takes little imagination to understand the many advantages 
of interrupting a short cirenit before it has reached dangerous 
proportions. The general application of high-speed current- 
rupturing apparams should go far toward simplifying the problem 
of protecting locomotives or ears. This will result in increased 
safety to operating personnel as well as substantial decrease of 
matemial damage. 

J. W. McNairy: Mr. Wilcox’s paper makes a statement 
that. with high<peed d-e. breakers, limitation of the magnitude F 
of the short-cirenit current is the only important factor in pre- 
venting flashover. f Seteeced: Sete Sas senteeen ee 
opinion, the width or duration of the peak of the current curve, — 
as shown by oscillogram, is of noimportance. In this connection, 

I am particularly concerned with the synchronous converters _ 
when fed through a-c. lines of considerable reactance, where the _ 
short-cireuit current is supplied largely from the kinetic energy _ 
of the machines. Limitation in the amount of kinetic energy 


—" 
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taken out, (and the rate is high at excessive currents), is of 
considerable importance in preventing flashover because of the 
unbalance in armature reactions. 

I should like to ask also if it is not practically impossible to 
stop the current rise on short circuit below the commutating 
value of a machine, making it, therefore, necessary to limit 
the time the current is above the commutating value to less 
than the length of time required for an are to be carried by a 
commutator segment from one brush to another. 

In the paper by Messrs. Monroe and Allen I wish to comment 
on the statement that the calibrating means, using reluctance 
in the magnetic circuit, is not as accurate as it should be. I 
should like to ask Mr. Monroe whether he feels that the in- 
accuracies are due to the use of the principle of magnetic re- 
luetance, or are due to the method of utilizing the principle in 
present designs. JI also inquire as to whether he has encountered 
sufficient inaccuracies from, such a source to upset selective 
operation on this system. 

Another comment I should like to make is on the statement 
that it is not possible to hold the high-speed breakers closed 
where it is desirable to burn off short circuits. A simple method 
ean be provided with breakers of this type whereby an operator 
by means of an emergency button can increase the holding-coil 


strength to any desired value, and thereby obtain any tripping _ 


value desired for emergency conditions. Such a system may, 
of course, be operated by supervisory control. 

One further statement I am interestéd in is that with reference 
to the high-voltage surges induced by high-speed operation, 
that is, that a voltage approaching twice normal may result across 
the circuit breakers in the d-c. circuits when operating. I 
believe this is a normal phenomenon with any type of circuit 
breaker. 

When the short circuit occurs at the end of a feeder and is 
opened at the substation end, the inductive voltage of the 
feeder is opposite in polarity to the normal system voltage. 
While an oscillogram of the voltage across the contacts of the 
breaker will show double voltage, the voltage of the feeder in 
front of the substation changes from plus to minus, the actual 
voltage not being appreciably above the rating of the system. 

A more important case is the operation of the circuit breaker 
on a locomotive where the voltages are additative. These need 
not be high-speed—any of the usual types of breakers may give 
voltages in the same order of magnitude as the high-speed 
breaker. This is particularly true since the high-speed breaker 
is effective in limiting the short-circuit current to a value much 
smaller than the short-circuit value, and it is, therefore, possible 
to break the circuit in less time because of this lower initial 
current. 

Caesar Antoniono: In Mr. Wilcox’s paper the statement is 
made, “Where feasible, a solid butt contact without auxiliary 
arcing tips becomes very desirable, etc.’ 

That is a point about which I disagree with Mr. Wilcox. 
I don’t think that a solid butt parallel contact as described in this 
paper is practical. When the breaker opens there will be arcing 
and burning at the top of the contacts. Any: blisters that are 
caused by the are will affect the alinement of the contact. 

If there is any disturbance of alinement you have to cut the 
face down and in the field this takes a long time. For that 
reason I claim that the breaker is not practical from an operating 
point of view. 

In Mr. Monroe’s paper, which covers a different design of 
breaker, there is the statement, ‘“‘Care of the high-speed circuit 
breaker contacts has been found to be almost unnecessary.” 
That is a practical breaker from an operating point of view. 
In the same paragraph it says, ““Due to the secure manner in 
which they are held together magnetically, instead of relying 
on a spring and latch arrangement.” We find at times it is 
desirable to have the latch breaker rather than the magnetically 
held, for the reason that on interurban service, where interrup- 
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tions of power are likely to occur very often, magnetically held 
breakers will open and then there is trouble in reclosing un- 
der low-voltage condition before the voltage is reestablished. 
Therefore, from experience I believe that there are conditions 
under which the mechanically latched breaker is preferable. 

D.C. West: The term “high-speed” is relative, and assumes 
a finite meaning only when referred back to some standard of 
comparison. Since the real necessity for a d-e. high-speed 
breaker lies in the protection of 60-cycle synchronous converters, 
the speed required to protect such a machine, on dead short 
circuit across its d-c. terminals, is quite generally accepted as 
the criterion in d-c. practise. This has established the nature 
of present commercial designs, and the resulting breakers are 
eapable of considerably higher speed than that which will provide 
quite adequate protection for other classes of conversion equip- 
ment, for motive equipment, or for d-c. distribution systems. 

In order to understand the necessity for the very high speed 
required to protect a 60-cycle synchronous converter, considera- 
tion must be given to the inherent characteristics of the machine 
itself. It must also be borne in mind that although the 25-cycle 
converter possesses the same fundamental characteristics, the 
60-cycle machine is considerably more susceptible to flashover 
because of its much more restricted design possibilities. The 
idea seems to be quite prevalent that a high-speed breaker pro- 
tects a synchronous converter solely by virtue of the facts that 
it limits the ampere-seconds in the d-c. short circuit, considered 
from standpoint of heating under the brushes, and that it limits 
the peak value of current to be commutated. While these are 
undoubtedly important factors, the major effect is in the limita- 
tion of the angular displacement of the rotor from its no load 
phase position. Under normal conditions, the a-c. and d-e. 
components of current in the armature windings are opposed, 
and of such relative magnitudes that the resultant average 
armature reaction is approximately 15 per cent of that in a 
corresponding d-c. machine. The design constants of the 
machine affecting commutation are necessarily proportioned 
accordingly. On the sudden rise of d-c. incident to a short 
circuit, however, the machine acts temporarily asa d-c. generator, 
taking its energy from the inertia of the rotor. The a-c. builds 
up and supplies energy to the short circuit only as the rotor de- 
livers its energy and drops back in phase position. This results 
in a temporary unbalance of the a-c. and d-c. components, with 
the latter greatly predominating and setting up a high armature 
reaction. Then when the d-c. is suddenly interrupted there is 
a large unbalance in the opposite direction, due to the fact that 
the a-c. continues to flow in proportion to the angular displace- 
ment of the rotor at the time the d-c. circuit is opened. The 
energy component of this follow-up a-c., which tends to restore 
the rotor to its no-load phase position, results in an excessive 
armature reaction since there is no opposing d-c. component in 
the armature windings. It is this armature reaction which, in 
most eases, is principally responsible for flashover of synchronous 
eonverters. In other words, such a machine will successfully 
commutate, for short periods, very large values of direct currents 
which, if too suddenly interrupted, will cause the machine to 
flash over. 

The high-speed breaker must, then, limit the amount of energy 
taken from the rotor, and hence the angular displacement at 
the time of interruption, to such a value that the interruption 
of the d-e. cireuit will not result in flashover. In speaking of 
d-e. high-speed breaker performance, the time to the point of 
current limitation, which with a given machine and cireuit 
determines the peak value of current, is a better indication of its 
protective ability than is the time for total interruption. In fact, 
it would be preferable, having limited the current within a 
certain time, to reduce the current quickly toa value correspond- 
ing to the rotor phase displacement, and then reduce it very 
slowly to allow the rotor to recover at approximately the same 
rate and therefore maintain more nearly balanced relations in 
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the armature. This is an impossible characteristic since the 
high magnetic blow-out effect which, as the author has explained, 
is necessary for high-speed limitation, also produces a high 
current decrement. It is possible to obtain the same effect, 
however, by applying the breaker to shunt a current-limiting 
resistor in series with the machine. Opening of the high-speed 
breaker then reduces the current to a value as determined by the 
resistor, usually two to three times machine rating, and the cireuit 
is then interrupted by another breaker of ordinary speed. 

Mr. Wilcox has pointed out the rather narrow design limita- 
tions which are imposed by the necessity for extremely high 
speed in the protection of 60-cycle synchronous converters. 
In order to provide protection under all operating conditions 
it is essential that the breaker be capable of this speed on OCO 
as well as on CO eycle. The design could be materially simplified 
by sacrificing a few thousandths of a second in speed on OCO 
operations, but the machine would not be protected in the case 
of the breaker being closed in against a short circuit. The 
breaker shown in Fig. 1 of the paper by Mr. Wilcox, was recently 
tested by the Commonwealth Edison Company at Chicago. 
The accompanying Figs. 7 and 8, show the oscillograph record 
of two of these tests in which a dead short circuit was applied 
to a 3000-kw., 600-volt, 60-cycle, 400-rev. per min. synchronous 
converter. Fig. 7 shows an OCO eycle and Fig. 8 shows a CO 
eycle. Within the accuracy of scaling values from the oscillo- 
gram, the speed and peak value of current are the same in both 
eases. The current was limited to 435 per cent of machine 
rating in 0.075 sec. and was completely interrupted in 0.014 sec. 

J.B. MacNeill: Mr. McNairy discusses frankly the relative 
merits of oil and air circuit breakers as applied to contact-line 
service. I should like to add a few points to that discussion. 


1. Regarding the effect of repeated operations on the two 
types it should be pointed out that it is the depreciation imposed 
by the short circuit on the breaker which determines its fitness 
for further service rather than any inherent quality of the design. 
The air breaker described by Mr. MeNairy will open repeated 
short circuits. A properly designed oil breaker such as described 
by Mr. Wilcox will do the same. Each device, by reducing the 
duration of arcing to approximately one-half cycle, at the same 
time reduces the depreciation of the structure, whether this be 
oil depreciation, contact burning, or are-chute charring. With- 
out doubt, proper oil breakers will give service continuity and 
maintenance cost comparable to air breakers. 

2. The space required by the air breaker seems to be con- 
siderable. Fig. 28 would indicate a length of approximately 
12 ft. and a height of approximately 10 ft. 6 in., or a volume of 
- approximately three times that of a comparable oil breaker. 

3. It is questionable if insulation integrity even for 12,000- 
volt designs can be secured with an air breaker comparable to 
an oil breaker. The design shown in Fig. 7 of Mr. Wilcox’s 
paper will stand 150,000 volts test. The same test on an air 
breaker would seem very difficult to secure. 

4. Ishould like to ask Mr. MeNairy if he considers the form 
of the current wave shown in Fig. 7 to be quite desirable. There 
seems to be considerable distortion on the last part of the half 
cycle. This is probably due to the enormous rate at which 
energy is expended in the are. The statement is made that 
“energy is liberated in the chute at a maximum rate of 200,000 
kw.”’ when opening a short circuit of 30,000 amperes at 14,000 
volts or 420,000 are kv-a. This seems to be a very large rate for 
are energy made necessary by the inherent limitations of an air 
breaker. 

A device which would open the circuit after having pulled a 
low-resistance are would, of course, reduce are energy and in- 
cidentally would not distort the current wave form with con- 
sequently beneficial effects upon induced voltages. 

5. Mr. Antoniono raised a question regarding the use of 
solid moving contact terminals of the high-speed d-c. breaker. 
Four years ago that was quite a new construction and naturally 
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many of our older people questioned it the same as Mr. Antoniono 
has. It had to run the gauntlet of a great many tests, and after 
proving itself rather more satisfactory than average, it was 
accepted. It was new and would not have been accepted unless 
it was quite satisfactory. It has advantages in that it allows an 
exceedingly small moving contact to get high-speed operation. 

L. R. Ludwig: Mr. Brown's paper brings to light an inter- 
esting trend in railway electrical engineering. Prior art has 
given us railway systems which, in addition to the major portions 
such as motors, require a good deal of auxiliary apparatus for 
protective and other purposes. Furthermore, protective ap- 
paratus has been required at many points within the system 
and on rolling stock itself. The concentration of this protective 
apparatus and the consequent elimination of part of it, in so far 
as this elimination is compatible with operating security, is a 
big step toward making electric operation economically com- 
parable to that of steam, and so gaining the flexibility which 
electrical operation provides. It seems, therefore, that too 
much admiration cannot be shown for the combination of equip- 
ment which makes possible removing breakers, their mass and 
menace, from locomotives and ears. © 

One feature of the operation with pantograph-lowering relays 
which may be worthy of discussion, is the high-impedance trans- 
former fault. That is, a fault to ground of a few turns of the 


transformer. may not cause sufficient current to flow in the 


contact line to operate the substation breakers. The fault 
would probably grow more serious, and ultimately burn itself 
to ground at such a point in the transformer that the substation 
breakers would operate. 
tion, however, and it seems that some measure of protection 
has been lost. It is almost obvious that the additional risk 
is cheaper than the eliminated breakers; nevertheless, it would be 
desirable to inquire if the last increment of protection cannot be 
gained without using the breakers. It is particularly necessary 
to protect the locomotives as completely as possible. 

Two means of gaining this protection to high-impedance faults 
on the locomotives are self-evident. The first is the use of a 
small breaker on the locomotive, with proper relaying so that this 
breaker would operate only in case of a high-impedance fault. 
The second is a means of deliberately short circuiting the contact 
line if a high-impedance fault occurs in the transformer, and so 
forcing early operation of the substation breakers. Differential 
relay protection would give a full measure of protection to the 
transformer primaries, but only a partial protection of the secon- 
daries could be secured. Further, the first method would require 
a breaker, and the second would possibly meet with some objec- 
tion to short cireuiting the contact line. 

A striking means of gaining full protection presents itself as 
an academic possibility at least, if a protective system such as 
described in the paper ‘‘Superimposed High-Frequency Currents 
for Circuit Breaker Control’’ were used. It would mean actu- 
ating the substation breakers by connecting the contact line to 
ground through a condenser in case of a high-impedance fault, 
thus short circuiting the high-frequency system, but not the 
main power system. Also, full protection of both primary and 
secondary could be gained by using the differential of primary 
and secondary high-frequency voltage for relay operation. 

Chester Lichtenberg: These papers give the impression 
that high-speed circuit breakers are new. They are not. They 
have been in service on electrified steam railroads for over 15 
years. 

There are two classes of high-speed circuit breaker. One 
has a mechanical latch for holding the contacts closed. The 
other has a magnetic device for holding the contacts closed. 
They should not be confused. A high-speed breaker will operate 
equally well when either means of holding its contacts closed is 


This would entail additional destruc-~ 


_ 


used. The type of contact-holding mechanism must be chosen — 


for the particular application. 
In some cases the high-speed circuit breaker has been con- 
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demned because when opened it may eause flashover of a d-e. 
machine. :-In such eases it is probable that the position of the 
breaker has been incorrectly chosen. It has probably been 
placed on the positive side of the machine. It has not been 
shunted with resistance. As a result, the current has been 
abruptly reduced from a high value to zero. So flashover has 
occurred. 


Placing a shunt resistance across the high-speed breaker will 
not prevent the flashover of a machine if the combination is in 
the positive lead. If, however, the combination is inserted 
between the negative brush ring and the commutating or com- 
pound-pole windings, short circuit from fiashover is prevented. 
The high-speed breaker on opening abruptly prevents the ecur- 
rent’s rising further. The arc drawn in the chute inserts resistance 
in the circuit. The current is quickly reduced to a relatively 
low value as set by the fixed resistor shunted across its contacts. 
Then another circuit breaker opens clearing the circuit. The 
resistance prevents an abrupt circuit clearing. It limits the 
resultant voltage rise to a relatively small value, too small to 
start are-over. Being in the negative side the opening of the 
high-speed breaker would open any circuit through a flashover. 
For the flashover, if it occurs, takes place between positive 
brushes and ground through the negative brushes! 


J. T. Hamilton: (communicated after adjournment) We 
operate multiple-unit cars having pantograph-lowering relays 
of the Westinghouse Electric & Manufacturing Company, 
371-S2 and U.C.-8 types. 

We have found that these relays protect the high-tension 
transformer windings but do not offer much protection for the 
low-tension windings of the main transformer, if this short cir- 
cuits. In some eases where this short circuit has not been suf- 
ficient to operate the anchor-bridge circuit breakers, it results 
in the transformer being totally destroyed due to the overload 
being sustained. 

Where one-car trains are operated, it may be necessary for 
the motorman or engineer to have access to the pantograph- 
lowering relay so that it can be reset. This is the practise fol- 
lowed on this property, our.motormen being instructed that the 
relay in question can be reset if no damage is visible on the 
transformer of the car. We have found that the pantograph- 
lowering relay has operated sometimes without proper cause. 
As noted in Mr. Brown’s paper, this may be due to the design of 
the relay in question. 

On a-c.—d-c. equipment operating on a zone with d-c. over- 
head construction, it may be desirable to have a means of dis- 
connecting the pantograph circuit from the main transformer, 
thereby preventing the d-c. from passing through the a-c. panto- 
graph (if it should be raised accidentally) and then through the 
transformer with the resultant damage. This is easily taken 
eare of by suitable a-e. circuit breakers. 

C. L. Doub: (communicated after adjournment) From the 
standpoint of connection with the Illinois Central Railroad 
electrification in the layout of this distribution system and in the 
design, construction, and initial operation of the tie stations, I 
wish to amplify several points of the paper by Messrs. Monroe 
and Allen. 

The large number of breaker openings during the early operat- 
ing period has at times been referred to as ‘‘hair-trigger’’ action 
and cited as a fault of the high-speed breaker. It is significant 
that after this initial period the number of breaker openings 
reduced to a normal value (and in fact on some days there have 
been no breaker openings whatever), though changes have not 
been in the tripping circuits of the breakers. In the system there 
are 34 feeder sections which are fed by a total of 70 high-speed. 
substation and tie-station breakers. It is therefore very well 
established that the so-called excessive number of openings was 
due to conditions other than the circuit breakers. Although 
making it difficult to locate the cause of the openings the breakers 
undoubtedly prevented a great deal of minor burning of car 
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equipment and flashing of converters, and in all probability saved 
some cases of major damage. These excessive openings did not 
cause train delays, since breakers were immediately reclosed by 
substation operators or by supervisory control. On the other 
hand, they may have saved train delays, through preventing 
damage of equipment. 

The several serious train delays charged to the breakers were 
due to defects in reset mechanism rather than in tripping, on 
account of which it was difficult to pick up a large legitimate 
load of rather steep wave front. The change in reset mechanism 
has entirely eliminated this fault. 


Failure of selectivity occurred practically in no case excepting 
where two short parallel sections fed stub from a substation and 
were tied together by tie-station breakers. In this case selec- 
tivity is required between a tie-station and a substation breaker 
carrying the same current, with the same wave front, the only 
difference in the breakers being in excitation of holding coils from 
the line and from a battery, respectively. Even under such a 
severe requirement, selectivity is actually obtained except when 
the short circuit is remote from the tie station. In such a case 
the tie-station breaker holding coil receives too small a drop in 
voltage to make enough difference in speed of operation, since 
both breakers inherently have high speed. Other cases that 
have been considered possible failures of selectivity were in all 
probability due to bridging of section breaks by pantographs 
at the time of the transient, thereby actually imposing the fault 
on two or more feeder sections. The probability of this bridging 
is not at all remote in view of the large number of overlapping 
sections at interlocking plants and the considerable number of 
pantographs that are moving at one time. 

Another outstanding feature is the great reliance on the high- 
speed breakers, which is unparalleled in any other similar heavy- 
duty apparatus. In spite of the large number of breaker open- 
ings no case was found where maintenance required more than 
light dressing of the contacts at periods of six months or more. 
At several times extensive tests were made involving 25 or more 
direct short circuits adjacent to circuit breakers within a short 
time and it was not even considered necessary to inspect contacts 
after such tests. 

The simplicity of auxiliaries and circuits can well be empha- 
sized. No relays or circuits external to the breaker are required 
for tripping. On this system the only relays are for reclosing 
and for supervisory control. Although the breaker itself is more 
intricate than the ordinary breaker, it is sufficiently strong and 
reliable to cause no difficulty in maintenance. 

Practically all of the disadvantages of the breaker on this 
system have been eliminated or overcome, One disadvantage 
which cannot readily be eliminated is the difficulty of calibrating 
the breaker in the field, since currents of actual tripping value 
are necessary. Thus far there have been no differences in eali- 
bration demanding such field work, and perhaps the method 
supplied for correction for contact wear will prove sufficiently 
accurate for practical purposes. 

On the whole, the disadvantages of the high-speed breaker in 
this installation have been so far overshadowed by the advantages 
that they need be given little weight. 

D. C. West: (communicated after adjournment) In any 
sectionalized d-c. railway network such as that described by 
Messrs. Monroe and Allen, the feeder equipment must include 
two rather distinct operating features if a high standard of 
service is to be maintained. First, it must be selective be- 
tween parallel feeder sections, so that only one section is 
isolated in case of fault. Second, it must provide positive dis- 
crimination between legitimate loads and faults. Since the 
latter of these two requirements has proved to be the more 
difficult, a brief statement of the problem, and of what has been 
accomplished in its solution, should be of interest. 

The business of an electrified railway is to operate trains, and 
the electrical equipment is but a means to this end. It is essen- 
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tial that the feeder equipment protect the service as well as the 
distribution system, and it is with this in mind that the manu- 
facturers have attacked the problem. Railway men are quite in 
agreement that the ideal feeder breaker would be one which 
would remain closed on any legitimate load to which it might be 
subjected under either normal or abnormal traffic conditions, 
and yet would trip out on any fault which might occur on the 
feeder section to which it is connected. The range of diserimi- 
nation necessary to accomplish this will vary with the class of 
service and the type of distribution system, and for different 
traffic densities within a given system. In a very few cases 
the minimum short-cireuit current will be of magnitude suffi- 
ciently greater than the maximum legitimate load peak to permit 
the use of an ordinary overload device. Usually, however, it 
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will be found that the possible legitimate load considerably 
exceeds in magnitude the value of short-circuit current incident 
to a fault at the most remote point on the feeder section. In 
such eases discrimination is possible only through the use of 
some form of impulse tripping. 

It is fundamental that a legitimate overload on a railway 
feeder is the result of a traffic congestion. Railway men will 
readily appreciate the fact that it is at such times that it is most 
important to stick to the load up to the very limit of the current- 
carrying capacity of the feeder cireuit. In other words, a 
legitimately overloaded railway feeder becomes a preference 
circuit which must remain closed, as long as the circuit is not at 
fault, in order to clear up the congestion. To open the breaker 

under such conditions, due to the magnitude of legitimate load, 
only makes matters worse and presents the possibility of serious 
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delays to traffic. In considering the range of discrimination 
necessary, then, the maximum legitimate load will be that 
required to handle such traffic congestions as may occur on the 
particular feeder in question. 

As has been brought out by the authors, the d-c. high-speed 
breaker, when equipped with an inductive shunt, has acombined 
overload and impulse tripping characteristic, and is therefore 
inherently capable of a certain degree of discrimination. Its 
possible inherent range of discrimination is determined within 
limits, by degree to which the overload feature can be minimized 
and the impulse feature can be magnified. The Commonwealth 
Edison Company, in collaboration with the Westinghouse 
Electric and Manufacturing Company, recently made a very 
comprehensive series of tests, at Chicago, on high-speed breakers 
for supplying power to the feeders of the Chicago Rapid Transit 
Company. It was demonstrated that the inherent range of 
discrimination was quite sufficient for the type and proportion 
of feeder sections comprising probably the major portion of the 
Rapid Transit system. The relatively high range on these 
breakers is made possible by raising the steady-current tripping 
characteristic to such a high value that it is well above the 
possible peak value of legitimate load swings, even under heavy 
traffic concentration. The breaker is therefore responsive princi- 
pally to rate of rise and is affected to a relatively small degree 
by the magnitude of current flowing in the cireuit. For example, 
with the breaker.adjusted to a point well under the setting neces- 
sary to trip out on the 6500-ampere current increment due to a 
short circuit at the most remote point on one of the longer feeder 
sections, the steady-current tripping value is well above 15,000 
amperes. The 8-car Rapid Transit trains require an accelerating 
current of about 2500 to 3000 amperes, and an oscillograph test 
on a 6-car train of the Chicago, North Shore and Milwaukee 
showed a maximum of 5250 amperes during acceleration. The 
actual discrimination obtained depends principally on the 
difference between the characteristic of the maximum single 
increment of load current, and that of the most remote short 
circuit. As is usually the case, the maximum load increment 
proved to be that due to the first point of control on the heaviest 
train. The 6-car North Shore train showed a single increment 
of 2670 amperes at about 8.4 millihenrys inductance. The 
inductance in the circuit of the 6500-ampere fault previously 
referred to, was about 3 millihenrys. It will be possible to handle 
a concentration of several trains on this section, and still isolate 
the most remote fault. 


On most railway systems, and particularly in the case of steam- 
road electrification, even this relatively wide range will be found 
insufficient to provide positive discrimination throughout the 
system. By the use of properly designed relays energized from 
impulse transformers in the feeder circuits, it has been found 
possible to provide a range of discrimination sufficient to cover 
even the most difficult conditions encountered in service on the 
various types of systems. The most extreme example is prob- 
ably that of the Staten Island Electrification of the B. & O. 
Railway, at New York, which was placed in service in 1925. 
Here, the high inductance of the heavy third rail made the - 
problem particularly diffieult. A feeder equipment was set to 
trip on a fault applied at the most remote point on the longest 
feeder section, and the oscillograph showed a current of 1950 
amperes at the time the breaker opened. Then, with the same 
setting, an 8-car train, representing maximum future service, 
was ‘accelerated immediately in front of the station. The 
breaker remained closed, although the oscillograph showed a 
single increment, on the first point of the train control, of 2350 
amperes with a rate of rise of about four times that of the short 
circuit. The maximum accelerating current was 4350 amperes. 
Since the tripping is in no way responsive to the magnitude of 
current flowing in the circuit it can handle any number of such 
trains in a traffic congestion, up to the heating limit of the circuit, 
as determined by a thermostat on the outgoing feeder copper. 
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The system is double-track and completely sectionalized, in- 
eluding a tie station. Selectivity between parallel feeders is, 
of course, necessary and is readily accomplished by means of the 
same relays. : 


This case is cited as an illustration of what it is possible to 
accomplish by the use of devices designed solely for the purpose 
of obtaining the proper tripping characteristics. It would ob- 
viously be impossible to obtain this range of discrimination by 
using only the inherent characteristic of a device such as the high- 
speed breaker, in which the tripping is responsive only to the 
magnitude and rate of change of current. However, it is en- 
tirely possible to apply such relays to any type of breaker, and 
thus obtain the characteristic required for the particular con- 
ditions to be met. For example, it is entirely possible, through 
the use of relays, positively to isolate faults at all points on the 
feeder sections in the district between Brookdale and Harvey 
Substations, without the addition of any tie stations, and still 
permit the handling of larger trains and considerably heavier 
traffic. 


H. C. Graves: (communicated after adjournment) Mr. 
MeNairy has divided the time of operation of the high-speed 
circuit breakers into three parts as follows: 

1. Time required for relay operation. 

2. Time required for the separation of contacts. 

3. Time required for extinguishing the are. 

He also mentions that by using breakers, as he has described, 
the time of relay operation can be eliminated. 

To compare the speed of the breaker that uses relays, with 
those described by Mr. MeNairy, it would be necessary that the 
time required for relay operation should also include the time 
necessary for the building up of the tripping current. Thus, 
if Item 1 should read: “The time required for relay operation 
and the building up of the tripping current,’ Items 2 and 3 
could then be comparable or: the different breakers. 

Fig. 4 in his paper brings out the fact that the building up of 
the tripping current lags behind the building up of the line 
current. Assuming this wave in Fig. 4a to be a 25-cycle wave, 
the current rises to a maximum in 0.01 seconds, but the tripping 
current in Fig. 48 does not rise to a maximum until 0.016 seconds. 

Also the tripping-coil current does not rise rapidly as does the 
line current, but rises gradually at first, and more rapidly later. 
This time lag is equivalent to something over 1% cycle, and 
relays suitable for this application are much faster than this. 
Oscillographs show that the trip-coil current builds up to a 
tripping value with practically no time delay after relay contacts 
close. Thus the building up of the trip current in the breaker 
as described by Mr. MeNairy, is no faster, if as fast, as that 
described by Mr. Wilcox. 

One important condition which must be met by the protective 
equipment on a system of this type can be described as follows: 
With a load adjacent to a station bus on a contact line, a secon- 
dary current of 5 amperes may flow away from the bus to the load. 
In Fig. 13, this current appears in the trip coil and the return 
path is not only through the saturating resistor but also through 
three other trip-coil circuits in parallel with the saturating 
resistor. The trip setting must be adjusted so as not to trip 
under these and other conditions such as the magnetizing of 
train transformer banks after the contact line has been dis- 
connected, bus short circuits, ete. 

After a train load has been connected until the fluctuations 
in the trip circuit have died out, a current increase of more than 
five amperes or more than ten amperes total fault current must 
flow to cause tripping. It is quite conceivable that this con- 
dition cannot always be met in praétise. 

Our objection to the scheme of connections as shown in Fig. 13 
is that a change in the number of feeders connected changes the 
calibration of the other tripping circuits. The greater the per- 
centage of change, the greater the effect. 

If the breakers are so set that the above conditions will not 
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cause faulty tripping of the breaker, then a comparatively large 
unbalance in line current must occur before the breaker will trip. 
If the breaker can be set so as to operate correctly under all 
conditions, it cannot be set so as to avoid a considerable amount 
of sequential operation. That is, the breaker at one end will 


‘open first and then the breaker at the opposite end will open. 


This is a bad condition from a standpoint of interference in 
signal and communication circuit, since the fault current is 
high and the distance of the exposure is possibly the entire 
distance between stations. 

In Fig. 13 is shown the relay protection, including back-up 
relays, for a typical application. The back-up relay is shown 
as an impedance relay. This should prove to be a satisfactory 
form of protection in that it, alone, if of the induction type, 
should afford proper selectivity even if no other form of pro- 
tection were included. However, here again simultaneous 
tripping of breakers at both ends of a faulty section would not 
take place and some time delay would be necessary. 


H. M. Trueblood: (communicated after adjournment) I 
should like to add briefly to the discussion touching the relative 
inductive effects of single-phase railways and power circuits. 


Aside from the other factors mentioned by Mr. MeNairy, and 
by Mr. Hanker in his discussion of Mr. MeNairy’s paper, 
a comparison between the two systems should not, I think, over- 
look the greater probability, for short circuits on railway circuits, 
that faults will be of low or negligible resistance. Also, with 
multi-track roads, the inductive effects of current in the trolley- 
track loop may be of considerable importance in cases of closely 
exposed circuits, such as railway communication circuits carried 
on poles located on the right-of-way. Again, if a 60-cycle power 
line is provided with a ground wire or wires, such conductors 
earry a part of the return fault current, acting in this respect like 
the rails in the railroad case. Although they are not so effective 
in this function as the rails, they may carry substantial amounts 
of return eurrent, especially if they are of high conductance. 
Mr. Hanker refers to the relatively small amount of induction 
in railway sections not adjacent to the fault. The significance 
of this, in a comparison of the two systems, depends upon the 
character of the exposure. While this factor is undoubtedly 
important so far as long, close parallels are concerned, it would be 
of minor weight from the standpoint of a type of exposure fre- 
quently met with, unless, in the railway case and not in the 
other, there is adaptation of substation location to the exposure 
conditions: 

In Mr. Hanker’s diseussion, the statement that for equal fault 
currents the induced voltages for the 60-cycle system would 
be about ten times as great as for the 25-cycle railway system, 
is apparently based on 75 per cent rail current in the latter case. 
While this is a figure customarily used for four-track roads, it 
does not hold for a smaller number of tracks. With a single- 
track road, for example, the factor of ten mentioned by Mr. 
Hanker would be reduced to five or less. Either of these factors 
would, of course, be much larger than the ratio of actual induced 
voltages. In fact, as is suggested by Mr. Hanker’s numerical 
example, fault currents on 25-cyele railways are ordinarily several 
times greater than on 60-cycle power systems, in cases where 
line impedance is an important factor, as it usually is where 
parallels are long enough to produce the higher values of 
induction. 

A general comparison of the kind under discussion is difficult. 
To get numerical results, certain factors, such as line voltage, 
connected capacities, fault resistance, ete., must be fixed. For 
equal line-to-ground voltages, I believe it to be true that a three- 
phase 60-cycle system with dead-grounded neutral, when 
short-circuited to ground through zero impedance, would usually 
induce larger voltages than a single-phase 25-cycle railroad 
similarly short-circuited, provided exposure conditions are the 
same and such as to make the inductive effect of the current in 
the trolley-track loop negligible.. This preponderance of the 
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induction from the 60-cycle system tends to decrease with in- 
creasing length of exposure. 

J. W. McNairy: The discussion by Mr. Graves, supple- 
menting the paper by Mr. Wilcox, brings up many interesting 
points in connection with the selective operation of high-speed 
a-c. breakers applied to a network, particularly in connection 
with high-speed impedance relays. 

The impedance of a given circuit may be easily determined 
from effective values of current and voltage under sustained 
conditions and used to actuate standard impedance relays. 
However, high-speed operation approaching that of other 
methods necessitates the determination of impedance by the 
current and voltage conditions existing for a small fraction of 
a cycle immediately following a short circuit under all possible 
transient conditions and presents a more difficult problem. 


With low-power-factor circuits the ratio of instantaneous 
current to voltage varies for every point of the current wave. A 
relay utilizing the difference in torque between a potential re- 
straining element and a current operating element receives a 
maximum operating torque on a low-power-factor short circuit 
near the zero point of the voltage wave where the current 1s a 
maximum. The restraining torque near zero of the voltage is 
necessarily relatively slight. At zero power factor there is, of 
course, no restraining voltage at the instant of maximum current. 


It is entirely feasible to design over-current relays capable 
of closing contacts or mechanisms capable of unlatching in 
approximately 0.001 sec. after the trip point is reached. The 
design of an impedance device for such a speed of operation, 
however, is impractical because of the response to instantaneous 
current values and operation at the peak of the current wave 
where the voltage element has little or no effect. 


It therefore appears essential that the speed of operation 
of an impedance device be limited so that the operating forces 
are dependent upon the effective values of both the current and 
voltage for at least a considerable portion of a cycle. 


Further, where such a device is used, it should be noted that 
for a given applied voltage and a given external circuit both the 
instantaneous and effective values of the initial short-circuit 
current may vary over a considerable range. This variation 
results from the displacement of the short-circuit current wave 
and is dependent upon the instantaneous voltage at the time 
a short circuit occurs only and not on circuit conditions. With 
a completely displaced current wave the peak occurs one-half 
eycle after the incident of short circuit, at which time the voltage 
is approximately zero. The maximum current is twice that of a 
symmetrical current circuit, conditions being the same. 
speed impedance relays must, therefore, be set sufficiently high 
so that displaced exchange currents over unfaulted feeders will 
not operate these relays. The length of feeder which can be 
protected under short-circuit condition on a system of the type 
specified, with a symmetrical short-circuit current, is conse- 
quently limited. As a result, symmetrical short circuits at a 
considerable distance from a substation are likely to result 
in sequential operation of the two breakers at the ends of the 
faulty feeder. 


It would appear, in view of the above, that a selective system 
based on the accurate determination, of impedance from current 
and voltage conditions existing for a fraction of a cycle presents 
many new problems not associated with the usual type of im- 
pedance relay operating at slow speed. 

In this connection, an accurate impedance device eapable of 
operating in a half cycle must be equipped with a potential 
element which can respond to an instantaneous reduction in 
voltage, such as occurs at the instant of short circuit. The ap- 
plication of a short circuit in front of a station, at the instant the 
voltage is near the peak of the wave, requires that the current 
through the voltage restraining element of the relays at adjacent 
stations be reduced to a fraction of that existing prior to the 
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short circuit in a very short period of time if true impedance is 
the basis of operation. 

A further point is of interest in connection with the application 
of impedance relays to a system of the type which has been 
repeatedly discussed. The heavy current resulting from a short 
circuit at or near one substation greatly reduces the voltage of 
the high-tension line feeding adjacent substations. Impedance 
relays so designed that they will not operate with an exchange 
current of 2700 amperes over unfaulted feeders, with greatly 
reduced voltage, inherently require a relatively large current 
under load conditions where the restraining voltage is not 
appreciably reduced. This point is of very considerable im- 
portance in connection with any system where all substations 
are fed from the same source of power. 

Sequential operation of circuit breaker at the two ends of 
faulty feeder, with short circuit near one station, is, of course, 
detrimental only when it results in a longer duration of the 
current over the feeder. When operating devices, such as im- 
pedance relays, receive an impulse only just sufficient to operate 
the resultant unbalanced torque between operating and restrain- 
ing element which is relatively slight, full speed operation of 
the relay is difficult to obtain. Under such conditions the total 
duration of the short-circuit current over the feeder may not 
necessarily be shorter than that obtained by devices which do 
not initiate the operation until the second half cycle of the short- 
circuit current. This is particularly true where a considerable 
portion of a half cycle is required before release of the relay 
mechanism. 


Referring to Mr. Hanker’s-discussion, there seems to be some 
misunderstanding as to the characteristics of a saturated current 
type of tripping circuit applied to the breakers described in the 
paper. The impulse voltage generated by the saturated current 


transformers is not a function of the total current through the - 
corresponding breaker, but is a function of the current applied — 


suddenly under short-circuit conditions. 

If, therefore, the breaker supplying a faulty feeder is carrying 
a load of 1200 amperes and a short circuit occurs, resulting in an 
additional 2700 amperes in this feeder as well as three paralleling 
feeders, the initial current of 1200 amperes has practically no 
effect on the tripping circuit of a breaker connected to a faulty 
feeder. The voltage generated by this tripping circuit is pro- 
portional to the 2700 amperes increase resulting from the short 
circuit and is equal in the tripping circuits of all feeder breakers 
carrying the same increase. The only return path for the trip- 
ping current is through the saturating resistor common to all 
breakers, the resistance being sufficiently high to limit the current 
below the tripping point of the breakers. 

By changing the value of the saturating resistor the ratio of 
the tripping point with a simultaneous current increase to the 
tripping point with a current increase through one feeder only 
can be made as great as desired. The trip point for a simulta- 
neous current increase through all breakers can be made infinitely 
large by open-circuiting the saturating resistor. 

It should be pointed out that the setting of the current-trans- 
former trip is not determined by steady load requirements of the 
feeder. The limiting condition is the maximum increase in 
load which can take place instantaneously on the feeder. It is 
entirely feasible to have a breaker of this type set to trip with a 
current increase of 600 amperes, at the same time carrying a 
steady overload of any desired value without tripping. Due 
particularly to starting currents resulting when transformers of 
locomotives or cars are suddenly energized, it seems desirable 
that any protective system be capable of picking up such trans- 
formers regardless of the steady load conditions. The saturated 
transformer trip has the proper inherent characteristic. The 
effect of the pre-setting arrangement described by Mr. Graves 
results in a similar characteristic. 

The selective operation of the differential circuit described in 
the paper is not dependent upon accurate setting of the breakers. 
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Fig. 4 of the paper was plotted to show conditions with a 
symmetrical short circuit because this is a limiting case in which 
the minimum tripping current results. The flat section of the 
tripping-current curve shown occurs only after the first tripping 
impulse has been supplied by the tripping transformers. In no 
ease does a flat section precede the first tripping impulse. The 
calculations can be easily made to show the performance of the 
transformers with completely displaced wave by introducing a 
transient term in the equation for the line current. Numerous 
test records indicate that the tripping arrangement is, if anything, 
more effective when the current wave is displaced. 


It should be pointed out that the exchange current betweent 
stations over the 11-kv. feeders results from the impedance drop 
in the 132,000-volt line between two substations and the step- 
down transformers supplying the short circuit directly. An 
exchange current of 2700 amperes results only with maximum 
generator and high-tension line capacity. A short circuit 
directly in front of one station reduces the voltage of the high- 
tension line to a relatively low value. If the drop through the 
low-reactance transformer and high-tension lines is sufficient to 
result in 2700 amperes exchange current per feeder between 
stations, or a total of 9800 amperes for four feeders, on the initial 
short cireuit directly adjacent to one station, a very considerable 
increase in current will be realized as soon as the heavy short 
circuit is removed from the high-tension line, this current being 
effective in tripping the remaining breaker at high speed. 


Mr. Hanker evidently interpreted my statement to the 
effect that the desired form of high-speed breaker is one which 
stops the current at the first zero after the first full half cycle to 
mean one-cyele operation. This is not the case, however, as a 
short circuit involving the time of a full half cycle rarely occurs 
under short-circuit conditions with the breaker described. A 
great percentage of test records taken on breakers of the type 
deseribed in the original paper shows a single loop of current, 
a few show two loops, the duration of which in practically all 
eases is considerably less than one eyele. 

Regarding the question of insulation of the air type breaker, 
IT should like to know whether or not Mr. MacNeill feels that the 
12,000-volt circuit is ordinarily subjected to voltages of the order 
of 100,000, or whether he feels the failures are due to local operat- 
ing conditions, such as dirt, smoke, ete. 

There are a great many pieces of apparatus connected to a 
12,000-volt railway system which are not capable of standing 
100,000 volts. There is nothing inherent in the design of the 
air breaker to limit the insulation for any reasonable requirement 
on 12-ky. systems. We feel that the type of insulation which is 
being used for the air breaker is particularly suited for the mech- 
anical shocks of high-speed operation. 

Another question raised was whether or not high voltages were 
likely to result from too rapid decrease of the current such as 
shown by Fig. 10. The particular figure referred to by Mr. 
MaeNéeill had plotted on it the voltage taken from the oscillo- 
gram. The voltage was 10,000 volts. Voltages have been 
checked by other recognized methods and I can say quite frankly 
that direct comparisons have shown less tendency to high volt- 
age with the air breaker than with the oil types. 

There has been no record published covering the liberation of 
energy in the oil breaker at rupturing currents near its inter- 
rupting ratings. It is my impression that with the heavy cur- 
rents of 30,000 or 40,000 amperes there are a great many effects 
that come into operation of the circuit breakers, other than the 
magnetic blow-out effects, tending to cause high voltage. We 
know there are certain types of oil breaker which depend largely 
on explosion effects for opening the circuit. 

I have an impression that any type of oil breaker, by virtue 
of those explosion effects, is quite likely to decrease the current 
more rapidly than a breaker where there is not available oil to 
furnish gas pressure for explosion. Some of this effect is present 


MONROE AND ALLEN: HIGH-SPEED CIRCUIT BREAKERS 1321 


in an air breaker but we find from the experimental work we have 
carried on that the difference in this effect between the lighter 
and heavier currents is not nearly so pronounced as in the oil 
breaker. 

Mr. A. C. Graves, Jr. has brought up some additional points 
in his discussion submitted after adjournment that require further 
consideration. 

The statement was made that the tripping current as shown 
by Fig. 44 of the original paper does not reach maximum until 
0.016 sec. after the beginning of the short cireuit. It might be 
inferred that under any short-circuit conditions the breaker in 
question would not receive tripping current until the peak of 
this current is reached. Such a statement applies, however, 
only where the breaker is operating with current just sufficient 
to trip. Where a short circuit of any considerable magnitude is 
involved the trip point of the breaker is reached considerably in 
advance of the peak of the trip current and the breaker receives 
its tripping impulse in sufficient time to limit the current to a 
single loop in a majority of cases. The case taken for Fig. 4 is 
the limiting case where the current is just sufficient for operating 
the breaker. 

As pointed out in an earlier discussion of Mr. Grave’s deserip- 
tion of impedanee relay, it is difficult to see how an impedance 
relay can be constructed to operate on true impedance in a frac- 
tion of a half cycle, taking into account all possible transient 
conditions. 

After all, an impedance relay receives its operating torque from 
the line current, this current usually reaching a maximum 
between one-quarter and a half cycle after the beginning of the 
short cireuit. With the low power factor existing in short- 
circuit conditions, the voltage is a minimum, and, therefore, 
there is a pronounced tendency for the impedance relay to operate 
at this point of the short-cireuit current wave unless a consider- 
able time lag is introduced. While it is entirely possible to build 
relays which will close the tripping coil cireuit in a very short time 
after the trip point is reached, such relays are usually not of the 
impedance type. 

It is again pointed out that the setting of the saturated-trans- 
former type of tripping circuit is not limited by steady load con- 
ditions. It is only necessary to set the circuit breakers so that 
the maximum load increase encountered in normal service will 
not operate when occurring on a single feeder. The limiting 
condition quite likely is that resulting from starting currents 
when energizing transformers, and any high-speed protective 
system which will operate in a fraction of a cycle must have 
sufficient leeway to prevent operation when transformers are 
energized at a time when the feeder is loaded near the maximum. 
The load pre-setting arrangement described by Mr. Graves in 
his original discussion of Mr. Wilcox’s paper apparently permits 
a sudden application of load above the steady load being carried 
by the feeder in much the same manner as the saturated-current- 
transformer type. 

One further point in connection with this application is that 
it has been repeatedly pointed out that under certain conditions 
on a given system the fault current over unfaulted lines between 
substations may reach 2700 amperes. This means that an 
impedance relay used for protection must be set so that 2700 
amperes over the unfaulted feeder will not result in breaker 
operation, taking into account the fact that a short circuit at 
or near one substation reduces the voltage of the common high- 
tension system at adjacent substations to relatively small value. 
It is difficult to see how a relay can be made to trip at a load of 
1200 amperes when the voltage is not appreciably reduced and 
still remain closed with an exchange current during short circuit 
of 2700 amperes between substations with the restraining voltage 
considerably reduced. 

W.P. Monroe: Mr. MeNairy asked two questions regarding 
our statement as to the inaccuracies of the calibrating mechanism. 


We referred in our paper to the means of calibration whieh is 
obtained by a set serew which turns in and out of the holding-coil 
core and the marking of the calibration scale on a plate parallel 
to this serew. The scale is small but covers a considerable range. 
I believe it is obvious that with such a scheme of adjustment a 
high degree of accuracy would be difficult. He asked if this 
disadvantage has affected our operation. Since we have been 
in operation only two years and our initial adjustments are 
still largely in effect we believe our experience is not sufficient 
to enable us to know whether this will be a serious handicap. 
We anticipate that the wearing of the contacts of the breaker 
will affect the calibration somewhat. 
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In regard to holding in the circuit breaker on overloads, this 
can be done, as Mr. McNairy says, by remote control with a 
push-button, changing the calibration temporarily, but we were 
referring only to our own installation. In our unattended tie 
stations such a feature would entail undesirable additional super- 
visory control circuits. 

In regard to high-voltage surges, without going into the theory 
of surges resulting from high-speed breaker operation on short 
circuits, I would say we mentioned this objection because it 
had been mentioned to us and we wanted to publish the fact 
that we had noticed no disadvantage of such effects, whether 
they exist in alarming proportions or not. 


Formula for Minimum Horizontal Spacing 
of Transmission Line Conductors as Affected by Danger of 


Contact in the Span 
BY PERCY H. THOMAS' 


Fellow, A. I. E. E. 


HE present contribution is for the purpose of 
deriving a logical formula to be used as a guide in 
the determination of the minimum safe horizontal 

spacing of transmission line conductors, and is offered 
for discussion. By minimum safe horizontal spacing 
is meant the least spacing that will insure safety against 
short circuits between conductors due to their swinging 
together out in the span under the influence of wind or 
ice, and has no relation to the separation of conductors 
transversely at the towers, as required for securing the 
necessary clearance to the tower structure. The latter 
separation is usually controlling, but a number of cases 
occurs where the getting together in the span requires a 
wider spacing, such, for example, as long spans, or two 
circuit horizontal arrangements of conductors. 


THEORETICAL ANALYSIS 


A study of these questions shows many erratic factors 
bearing on the danger of contact in the span between 
cables horizontally spaced, so that apparently experience 
data rather than mathematical calculation must be the 
final dominating consideration. However, these ex- 
perience data are exceedingly scanty and difficult to 
interpret, so that a theoretical analysis is likely to be of 
real value. 


STEADY UNIFORM STATE 

Considering a transverse wind, uniform in direction 
and steady in strength, we have a very simple case, for 
all the cables will be deflected in the same direction and 
by the same amounts, and will maintain exactly the 
same horizontal separation regardless of the direction 
and strength of the wind, even if the wind be straight 
up. Even if the wind blows at an angle with the di- 
rection of the line, the same condition exists. This is a 
very important conclusion. 

An examination of the relations involved shows that 
with a strong cross-wind blowing the dropping of 
the ice on one cable leaving another cable in the same 
span coated would not have much effect on the relative 
side-swing of the two conductors in the case of alumi- 
inum cable steel reinforced, since the weight drops 
with the ice removed more or less in the same propor- 
tion as the wind surface is reduced. A special study 
should be made in each case for copper cable, where 
the balance is not so close. This action of steady 
state side-swing giving unequal displacements from ice 
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unbalance is governed by entirely different conditions 
from the general case and is not hereinafter considered. 


NON-UNIFORM WIND CONDITION 


When the wind is irregular in time or direction, or 
uneven at different points, there will be more or less 
tendency for the cable to depart from the true catenary 
curve and the possibility of contact occurs. Obviously, 
it is the transverse horizontal components of the de- 
flection that tend to cause contact, not the vertical. 
With a strong wind blowing across the line, say 60 mi. an 
hour, air moves at a velocity of 88 ft. a second so that a 
time of perhaps 2/10 sec. elapses between the time when 
the air impulse acts on one cable and whenit reaches the 
next cable in the same horizontal plane, so that there 
is no time for actual motion of one cable ahead of 
the other cable, due to the same high velocity wind 
impulse. Furthermore, it is exceedingly unlikely 
that with a high velocity transverse wind, there can 
be any great change of velocity or direction of the 
air in traversing the short distance between adjacent 
cables. In fact, the direction of the air must in general 
be substantially parallel to the ground, as there is no 
place for air to go elsewhere. This means that all 
cables in the first approximation are subject to the same 
transverse air impulses at any one instant of time, 
substantially. This is the reason, no doubt, that 
trouble with wires getting together in the span is so 
rare. Where the surface of the ground is curved or 
local obstructions exist close to the line, eddies will of 
course be produced. This is a vitally important case 
and will be considered later. The only exception would 
appear to be a cyclone on a small scale, with an axis 
inclined to the vertical by a large angle, this being prac- 
tically beyond any experience of which the author is 
aware. But there are actual conditions in which 
cables have got together so that the necessary ir- 
regularities must sometime occur. 


The most important active factor in preventing 
contact in the span with transverse winds is, no doubt, 
the restraining force of the tension in the cable which 
tends to prevent deformations of the catenary by the 
wind. In long-span construction, this tension is of 
very material amount and has a remarkable restraining 
effect. To deflect a vertically hanging wire carrying a 
5000-Ib. weight, one degree from the vertical will require 
a horizontal force of 85 lb. applied at the weight. A 
wind producing a pressure of 8 lb. per ft. must blow 
against 10.6 sq. ft. of area to produce such a force. 
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Deflection of a cable from the catenary shape, however, 
will require much more force than the hanging weight, 
since both ends of the cable are fixed and it is already a 
convex curve. Therefore, in accordance with the law 
of increase of tension in a catenary with decrease of 
sag, which approaches the action of a toggle joint, 
the straightening out of other parts of the catenary 
cable, which must accompany bulges in the curve at 
any point, develop very high counter tension. A 
careful consideration of this matter will show that a 
catenary, under wind pressure and with small sag and 
high tension, is a very stable curve against deflection in 
the plane of the curve. 

Furthermore, the swinging of cables will be largely 
“dead beat’? on the wind (at least with transverse 
winds), and will have no material pendulum or oscillatory 
movement. It will be remembered that as a theoretic 
conclusion, pendulum action can occur only as the 
energy stored in momentum carries the moving body 
beyond a point of equilibrium against an elastic con- 
trolling force, thus paving the way for a return swing 
caused by the controlling force. The velocity of move- 
ment of the conductor in an actual span is relatively 
small, so that the kinetic energy stored in the moving 
cable cannot be sufficient to move it against gravity 
more than a few inches. No oscillatory movement of a 
few inches could be of serious importance in a trans- 
mission line. A velocity of one foot per sec. will cause 
a rise against gravity of only 0.02 ft. A velocity of 
8 ft. per sec. would be required for the kinetic energy 
to be sufficient to raise the cable one foot against 
gravity. Thus it seems that due to wind across the 
line, there is little chance of conductors getting together 
horizontally. 

Considering these principles in numerical relations, 
it may be assumed as an approximation that the danger 
of the deformation of the catenary and contact between 
cables is inversely proportional to the cable tension, 
other things being equal. It may be assumed also that 
it is directly proportional to the span, for obviously any 
given proportional deformation will give an actual 
displacement in feet proportional to the length of the 
span. Further, the displacing force will be proportional 
to the diameter of the cable representing the exposed 
surface. 

The tension in any span taken as due to wind and 
weight will be proportional to the resultant of the wind 
and weights w, acting on the cable times the square of 
the span divided by the sag closely but not exactly. 

The danger of contact would then be proportional so 
far as the above factors are concerned to 


Sag . Diam. 


Diam. 
w . Span? 


Span . = Sag in per cent . 


and might be written for preliminary purposes as 
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horizontal spacing =C 


C isa constant. 
The effect of cable weight is to give greater tension 


and hence is favorable; but its effect is already included — 


in the formula. The effect of diameter would seem to 
be relatively unimportant because both the force 
restraining (tension) and the force causing deformation 
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PO TA Sag in per cent where © 


(wind puffs) are affected more or less alike by diameter. | 


This mathematical expression will be further con- 
sidered below. 
Longitudinal wind will cause a deformation of the 


catenary in a vertical plane but so long as it is a hori- © 


zontal wind it will not tend to cause contact. 

The vertical component of any wind, whether trans- 
verse or longitudinal, tends to support the weight of the 
cable and thus reduce the tension which, in turn, tends 


to render contact in the span more likely and this is — 


probably the principal cause of such trouble. If the 


uplift is sufficient to take all the weight off the wire, © 


there is tension due only to transverse components of 


the wind. Under such conditions, minor forces will be — 


largely free to move the conductor about in an acci- 


dental manner, rendering contact much more likely. — 


For example, a gusty longitudinal wind blowing under a 


line up a concave, rising hillside, would be very favor- — 
able for trouble, for the wind would have an upward © 
component which would take off the weight and tension ~ 
on the wires and the irregular transverse components — 


would be free to bring them together. 


A 6.5-lb. per sq. ft. upward wind component will | 
take all the weight off a No. 4 copper cable and a 15-lb. | 


wind all the weight off a No. 0000 copper cable. 


For all aluminum cable, the respective corresponding 
pressures are 2.0-lb. wind and 6.2-lb. wind, and for 


aluminum cable steel reinforced 2.8-Ib. and 6.4-lb. 


A 2-lb. wind on cylindrical surfaces corresponds to a 


velocity of 27 mi. per hour actual, and 6-lb. to about 


60 mi. 

Causes of steady upward components of wind would 
be configuration of the ground or natural and artificial 
obstructions, such as trees, buildings, sign boards, gullies, 
etc. In any particular case, from an examination of 
the ground, a sufficiently correct inference as to the 
directions of air currents can no doubt usually be made. 


The breaking off of ice and heavy wind in an adjacent — 
span or other causes may produce a pulling of a certain ~ 


short length of cable from one span into the next, but 
this will effect danger of contact in the span only in- 
directly, and whatever conditions might be set up to 


render the line safe in general against transverse wind © 


conditions in the span would probably protect also 


against the effect of pulling from one span to another. — 


Similarly, transverse conductor swinging may be 
carried from one span to the next, but such swinging is 


i 
| 
) 
| 
' 
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_ likely to be largely in synchronism for all conductors, 
. unless in cases of very irregular ground configuration. 
_ Apparently relatively short spans and very low string- 
_ ing tension in the conductor tend to increase danger of 
_ contact, especially since it is highly probable that 
_ irregular wind and ground conditions do not exist over 
_ the whole length of any very long spans. This seems 
to be confirmed by reports of the behavior of extra long 

_ spans. 


SipE HILL EFFECT 


A consideration of side hill effects,—that is, lines 
located on side hills,—is very interesting. So far as the 
main wind pressure is concerned, it must follow the 
slope of the ground, and will have an upward or a down- 
_ward component affecting gravity. Puffs, or eddies, 
_ may occur in other directions. This means a steady 
uplift conponent or a downward component on the 
cable, on side hills, decreasing or increasing the effect of 
weight. This may greatly affect the magnitude and 
direction of the resultant loading on the cable on steep 
hill sides. 

With copper cable, under a transverse wind, the angle 
of cable deflection from the vertical with an uphill wind 
will be somewhat, but not greatly, increased. With 
aluminum cable, even when steel reinforced, the uplift 
will sometimes exceed the weight in stiff winds causing a 
swing above the horizontal. This does not appear, 
however, to increase the risk of contact between cables, 
except where erratic variations in the strength of the 
wind may cause large variations in the vertical plane. 
The variations in a vertical plane, however, would tend 
to restrain deformations in the horizontal plane on 
account of the fixed length of the cable. It is highly 

_ probable that except for a very few exposed hill sides 
there will be a tendency for the wind to have a less 

velocity on hill sides than in the open. On the other 
hand certain formations of the terrain have the power, 

_ like some tapering river estuaries subject to tides, 
to cause an increase of velocity by deflections and 
reflections. 

The most important aspect of this uplift by a com- 
ponent of the wind on the cable, however, is the possi- 
bility of the uplift raising the cable at the tower up 
against the under part of crossarm. It is possible that 
this may account for some unexplained flashovers at 
towers. A glance at the tables showing dead weight 
and wind pressures will evidence the importance of this 
matter for aluminum cable, especially for smaller cables. 
A dead weight hung on the end of an insulator string 
may be very useful on certain exposed steep hill sides. 

Considering the different effects of various metals, 
it may be said that plain aluminum is the most danger- 

- ous, not because of its light weight so much as on 
account of its lack of strength and the resultant loose 
stringing. 

As between copper and A. C. S. R., the preference is 
not so clear—the greater density of copper would be of 
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advantage at least in so far as it gives greater tension, 
while the greater strength of the A. C. S. R., if used to 
advantage, leads to a higher cable tension and makes 
a less percentage sag and gives decidedly the stiffer 
catenary. 

A downhill wind on the side hill will increase the 
apparent weight of the cable, and im the case of 
A. C. S. R., may more than double it; but this will not 
greatly increase the resultant stress on the conductor. 


WIND PUFFS AND EDDIES 

No definite measure of wind irregularities seems 
feasible. We know that air in wind motion will act 
like water at the bottom of the sea, for air is substan- 
tially incompressible for variations of atmospheric 
pressure. Where a current meets an obstruction, it 
will be deflected to the side, or upward, with an in- 
creased pressure, but without increase of velocity. 
If a current, however, is directed into a funnel shaped 
cavity or recess, there may be a somewhat increased 
velocity. Air seems to be subject to cyclonic effects 
more than water, but they do not seem to be especially 
destructive to transmission lines. Presumably, the 
danger from these puffs and eddies is measurable by 
the factors already discussed above. 

The only way to take account of expected irregular 
variations in wind action in the proposed formula is 
to make a purely arbitrary alteration in the factor 
C for any unusual conditions. 

The only clear danger of contact in the span arises 
when, through deflection, by obstacles or a hollow for- 
mation of the surface of the ground, there is an upward 
turn of the wind, tending to raise the wire and thus give 
it slack within the span for accidental deflections. 

Such obstacles and hollow surfaces must lie in direc- 
tion along the line, so that a considerable length of span 
may be affected. 

A typical example has been reported in a case where a 
transmission line paralleled the edge of a wood for a 
certain distance just outside. At this portion, the con- 
ductors were blown together in the span a number of 
times, presumably with the wind toward the wood. 
The obvious explanation would be the turning up of the 
wind strata blowing along the ground when they reached 
the wood, thus tending to raise up the conductors and 
allowing them to get together through the slack with 
no strong transverse pull to keep them all to one side. 

The conclusion would seem to follow that each line 
should be gone over when installed for the purpose of 
locating wind obstructions or hollow shaped earth 
formation, and special precautions taken to prevent 
contact of wires wherever need appeared. It would 
be uneconomical to increase the width of structures 
over a whole line to meet a few determinable danger 
spots. 

In the rare instances of contact in the span, known 
trouble has sometimes been due to other conditions than 
wind, which should be borne in mind. For example, 
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electromagnetic forces due toshort-circuit currents have 
been known to produce contact of wires, presumably 
caused by reaction due to, the sudden cutting off of the 
short-circuit current, since heavy current of itself tends 
to separate the wires. However, except in afew extreme 
cases of heavy wires close together, there is little like- 
lihood of this happening, although an examination of 
the forces should be made in all close cases. A trans- 
verse magnetic force per foot of about 17 per cent of 
the weight of the conductor would be required to deflect 
the center of the span 10-deg. from the vertical. This 
cause of contact is not further considered in this 
discussion. 

Since the same spacing must ordinarily be used 
throughout the line, the constant C should be deter- 
mined by comparison with experience and should 
presumably be taken as applicable to the normal 
tangent level span under Class ‘‘A”’ loading conditions 
(or any other conditions that might be agreed upon) 
and it must contain factor of safety or margin enough to 
cover extra long spans and other variations. The 
apparent added risk from extra long spans is balanced 
partly by the much smaller chance of excessive air puffs 
and eddies on the large scale of the long span. 

In choosing an actual formula, certain other con- 
siderations may be taken into account. 

The jumping distance of the voltage is, of course, a 
factor to be taken directly. 

The effect of the length of the insulator string appears 
to play little part in any of the above analysis and a 
long string would not seem to render contact more 
likely than a short string. Apparently antics in the 
middle of the span would not be greatly affected by the 
length of the insulator string. Nevertheless with our 
present imperfect knowledge of this subject, we would 
not be warranted in ignoring the length of insulator 
string. It may reasonably be assumed as an empirical 
formula that the horizontal spacing should include a 
part equal to the side deflection of the insulator string 
to the 80-deg. position. The normal spacing is certainly 
not likely to be reduced more than this due to the string. 
For pin type insulators this part becomes zero. 

The above formula may then be set up as follows: 
Horizontal spacing = C . Sag in per cent . 


Diameter cable 


Class A loading * D + %. Length of insulator string 


Where C = A constant chosen arbitrarily for each line 
to take account of the sort of metal of 
conductors, wind conditions, character 
of terrain, etc. 

D = Jumping distance of line voltage—one foot 
for each 110 kv. 
Sag in per cent is expressed without decimals, that 
is, 2 per cent is written ‘‘2.” 
If C be taken as 4 for copper cable and 3.5 for 
A. C.S. R. and their sags in the normal span respec- 
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tively as 3.75 per cent and 3.25 per cent the spacings 
for No. 0000 cable would be as follows: 
For 44 ky. Pin Type Insulators 


No. 0000 Cu. No. 0000 A. C. S. R. 
0.5275 & 8.75 0.564 & 3.25 
0.007. On OOS Fa ee 
= 9.0 ft. = 8.8 fi; 
For 66-kv. Suspension 
Insulators 
ditto + 0.61% «2.25 = 10.8, ditto + 0.6 + 1% X 2.25 
= 10,1 
For 110-kyv. 
ditto +10+ % x4 =11.6, ditto+104+ %x4 
= 11.4 
For 182-kv. 
ditto +12+4%x5 =12.3, ditto+ 12+ %x5 
os. 12,1, 
For 220-kv. 
ditto +2.0+ 1% x80 = 14.6, ditto + 0.2+ % x 8 
= 14,4 


The above formula is the mathematical equivalent of 
the following: ; 

In comparing two spans, the horizontal spacing, other 
conditions than those specified being equal,— 

Should be twice as great in the first span when both 
have the same length, but the conductor in the first has 
one-half the tension of that in the second: 

Should be twice as great in the first span when the 
first is twice as long and both have the same tension: 

Should be the same in both when the first is twice as 
long and the second has half the tension: 

Should be twice as great in the first when the diameter 
of the cable is twice as great,—the sag, span length, and 
loading per foot being the same in both: 

Should be twice as great in the first when the loading 
is half,—the span length, the sag, and the diameter 
being the same. 

In the formula tension and span length are the critical 
factors, one being as important as the other. The dis- 
advantage of a long span can be made up by a higher 
tension and vice versa. 

As instances of actual lines where an actual compari- 
son can be made with this formula may be mentioned: 
(1) The Davis Bridge line of the New England Power 
Company with a two-circuit line of 12-ft. horizontal 
spacing on 110-kyv. for No. 0000 copper wire; (2) A 
somewhat similar line of the Appalachian Power Com- 
pany with 10-ft. spacing for 88 kv. for No. 0 copper 
conductor. 

In conclusion it may be said that as a result of the 
various considerations already discussed, and of an 
examination of the proposed formula: 

1. The safety against contact in the span depends 
apparently more upon tension in the cable and con- 
figuration of the ground than anything else. 

2. The most dangerous conditions are probably those 
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in which the general wind velocity is not too high, this 
signifying low conductor tension, and is more or less 
parallel to the line, so that neither cable is blown far to 
either side, and in which there is an obstacle causing 
a local upward turn in the wind. The conditions will 
be worse in short spans and with small cables and large 
sags. 

3. The cable conditions on side hills deserve much 
more consideration than they usually get. 


4. The advantage of copper over A. C. S. R. or 
A. C. S. R. over copper, if either can be established, 
should be taken into account in the arbitrary constant 
C, as should also any variations of the terrain making 
the general conditions of any one line better or worse 
than normal. 


The author has made considerable effort to locate 
examples of contact of horizontally spaced cables in 
actual service, where the conditions are known, for the 
purpose of selecting a constant for the formula derived 
above, but very few such cases have been discovered, 
although some 30 or more of the engineers in this 
country and Canada, with the best opportunity to 
know of such experiences, have been consulted. The 
following letters and extracts describe a few very inter- 
esting and pertinent cases and seem definitely to support 
the conclusions of the paper. 


“THE MONTANA POWER COMPANY 
Butte, Montana 
August 2nd, 1927. 

Mr. Perey H. Thomas, 
120 Broadway, 
New York, N. Y. 
Dear Sir: 

Case 1. We have a 60-mi., 100-kv. line built-on steel towers 
passing through the north end of the Tobaccoroot Mountains. 


-The line is No. 0 hard drawn seven wire copper 10-ft., 6-in. - 


horizontal spacing, 36-in. insulators strung at 1200 Ib. tension 
at 32 deg. fahr., with 23¢-in. Siemens Martin ground wires midway 
between phase wires and four feet above the phase wire plane. 
Ground wire was strung at 1500 Ib. at 32 deg. fahr. This line had 
several spans ranging from 1000 to 1200 ft. crossing valleys and 
gulches more or less at right angles to the line, where the wind was 
apt to be severe and where itno doubt would strike one end of the 
span more than the other end and where it might have hada 
vertical component of at least 30 deg. to the horizontal. Many 
of these spans suffered short circuits during wind storms so that 
it was necessary to anchor the wires in midspan with hold-down 
anchors so run as to spread the two outside wires away from the 
middle wire at mid-span. 

Case 2. We have a considerable length of 50-kv. pin type line 
consisting of three-phase wires and a ground wire all on the same 
erossarm at a uniform spacing of 42 inches. The phase con- 
ductors are each composed of three No. 8 wires, stranded, and 
the ground wire is the same size of steel. The wire was strung 
at 400 lb., 70 deg. fahr., and has developed several contacts 
on spans of 400 to 430 ft., crossing gullies in a rolling prairie 
country where the wind had an opportunity to cause eddies and 
other disturbances. 

Case 3. We have personally observed a 1000-ft. span con- 
structed similarly to Case 1 above and located at the top of a 
mountain ridge where a canyon led up to the top. Irregular 
blasts of wind coming over the canyon would cause the wires to 
deflect and in some eases this deflection would get sufficiently out 
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of phase so that one wire would be practically in a vertical plane 
when the next wire was at nearly maximum horizontal deflection. 
We also observed that even under light wind, say, ten miles per 
hour, there were often irregular ripples running lengthwise over 
the wires. These ripples however, were not of great magnitude 
and could not have had anything to do with eause of contact 
between phases. The maximum ripple probably was not more 
than 18 in. Our observation leads to the conclusion that 
wires can be caused to swing out of synchronism to a considerable 
extent but we do not think it possible for two wires to swing in 
opposite directions at the same time under heavy wind con- 
ditions. Obviously, the greater danger of contact is in narrow 
valleys, or other broken topography, where the wind velocity is 
often excessive and also very turbulent. 

As opposed to the cases of contact noted above, we have had 
spans 3200 ft. long at 22 ft. spacing strung at about 1200 Ib. 
for 3¢-in. steel at 70 deg. fahr. over a straight smooth river 
channel, which were never in contact during 10 years of ex- 
perience. 

Yours very truly, 
(Signed) 


Note: The 3200-ft. span described in the last para- 
graph would have apparently, a sag of approximately 
15 per cent under the conditions of Class A loading. 
The formula would give for a copper conductor of the 
same size a horizontal spacing of over 40 ft. fora 
110-kv. circuit, while no trouble was actually expe- 
rienced with a 22-ft. spacing. 

From another engineer there is a report that after 
experiencing trouble with all aluminum 3/0 and 4/0 
cables on 500 ft. spans, with wires horizontally spaced 
8 ft., with insulator string approximately 4 ft. long, 
this trouble being due to getting together of conductors 
in the span under the influence of wind, entire elimina- 
tion of the trouble was obtained by the substitution of 
aluminum steel cable, 266,800 cir. mil, and 336,400 
cir. mil, this being over a considerable length of line. 

Note: If the sag with the aluminum steel cable be 
taken at 2 per cent, the formula would call for a 10-ft. 
spacing while no contacts have been experienced in 
many years with an actual 8-ft. spacing. 

Extracts from report by Mr. V. M. McDonald, Supt., 
Transmission, Public Service Company of Colorado, 
received August 15th, 1927. 

= oS 


A. C. Prati.” 


* * ~ 
Span length, 400 ft. 
Sag, 11) ft. 
Horizontal spacing, 10 ft. 6 in. 
Voltage, 90,000. 


Length of insulator string, 32 in. 

Size and material of conductor, No. 1 hemp center 
copper strand. 

Tension, 1150 lb. 

Approximate wind velocity, (mi. per hr.), 85 at time 
of trouble. 

Direction of wind with respect to conductor, right 
angles. 

No sleet. 

Location, side hill and nose slope. 

When wires came together, circuit breaker tripped, 
conductor pitted. 
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This is the only known case where conductor came 
close enough to cause an are. Wind was at right angles 
to line. Hillside deflected wind to an upeast underline 
that raised cables and they fell close enough to cause 
trouble. 

We have several ares between conductors on 44-kv., 
4-ft. spacing triangle, due to burning weeds along 
railroad right-of-way. 

Note: The last paragraph, while of value, does not 
relate to the swinging of conductors. 

It is hoped that engineers interested in this matter 
will offer discussion on the above analysis, and will 
contribute any pertinent data they may have so that 
as much as possible may be assembled for the benefit 
of any who may have such horizontal constructions to 
install. 


Discussion 

M. G. Lloyd: While Mr. Thomas has not attempted to give 
a complete analysis, he certainly has given us mueh food for 
thought on this problem. There is one thing I don’t believe is 
made entirely clear. The tension in the conductor depends upon 
the loading eondition. In the problems he has worked out, Mr. 
Thomas has taken the diameter of the wire bare, apparently, 
but has taken the loading with the ice on it. In other words, 
he has not taken the two constants that correspond one with the 
other. The tension in the wire, which is involved m deriving 
his formula, will depend, of course, on whether or not the wire 
is loaded. 

From the discussion it seems to be clear that he considers the 
greatest danger of contact between the wires to be at the time 
of a wind with a vertical component acting upon the wire without 
iee upon it, and that seems a reasonable assumption as bemg 
the most dangerous condition. In working out the problems, 
however, he has taken the leading ineluding ice on the wire. so 
that it doesn’t seem to me his two conditions of diameter and of 
loading correspond to one another. I should think they both 
ought to be taken for the same condition. 


Furthermore, in working out the examples on the fourth page, 
the author has assumed a definite percentage sag (percentage of 
span length). That pereentage in practise. of course. varies 
with the span length and the values chosen would apply approxi 
mately for only a small range of span lengths. In the ease of 
eopper. for instance, where he takes the sag as 3.75 per cent of 
the span length, that would apply to a span length of, perhaps. 
900 ft. or something in the neighborhood of that. For other 
span lengths that percentage would not be applicable and con- 
sequently, the results worked out would not seem to be appli- 
eable. He has not stated here what span length he is talking 
about. In working out these examples, if an entirely different 
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span length is used, one gets results which are not at all com- 
parable with practical values. For instance, if we take a very 
long ‘span, the separations that are obtained by this formula, 
using that percentage of sag. come out in some cases entirely 
different from what would be considered practical values. 

This formula, it is to be noted, brings in the first power of the 
sag as an element of the separation. I think experience has 
shown that more practical results are obtamed by bringing in 
the square root of the sag rather than the first power. Itis not 
clear just how that would be justified on theoretical grounds, 
as I do not see any imperfection in the author’s reasoning to 
bring it in in the way that he does, but his formula will not be 
found very widely applicable when one considers a big variety 
of span lengths and the percentage sags corresponding to them. 

In the statement on the fourth page, as to the application of 
the formula, the author says, “In comparing two spans, the 
horizontal spacing, other conditions than those specified being 
equal—.” and he gives a list of a number of different conditions. 
As a matter of faet, you ean’t vary the things he mentions 
without varying the other quantities. It isn’t a feasible, prae- 
tieal ease to keep the other values constant when you vary those 
that he meniions. 

For instanee, in the first three eases, varying the tension, for 
instance, without varying the span length, the sag also will vary 
neeessarily. You can’t help but vary it or else vary the size of 
the eonductor, which is another variable. That is true also if 
you keep the tension the same but vary the span lengths, which 
is the second ease. or if you vary the tension and span length 
together, which is the third ease. In the fourth and fifth eases, 
ehanging the diameter with the sag, span length, and loading 
the same, you will invariably change the tension. Of course, 
the tension doesn’t appear explicitly in this formula, so that that 
does represent a case which is a practical one and the relations 
will be just as he has stated. 

In the conclusions the author makes the statement, “The 

éonditions will be worse in short spans and with small cables and 
large sags.” 1 think im practise that doesn’t work out because 
when you have the short spans you invariably have the small 
sags and probably high tension and you are consequently not 
likely to have trouble with short spans from this cause. 
' In the examples given m the letter quoted. the span lengths 
seem to run up to values that are not extremely high, but a 
thousand feet orso. lam sorry that im these examples of actual 
contacts that are cited there is nothing said about what the actual 
sag of these particular conductors was. Ili that could be given 
it would help to form some picture of the condition where these 
eontacts have occurred. ; 

On the fourth page where the values of actual separations of 
the Davis Bridge lme and the Appalachian Power Company are 
compared to what is worked out im the formula, the sags do not 
appear to be given, so thai it is diffieult to determine how well 
they do fit the formula. It is possible that the percentage sag 
used in the examples worked out at the top of the page fit these 
particular eases that are mentioned bui the data, unfortunately. 
are not given to cheek up on that point. 


Transmission Experience of the Public Service 
Company of Colorado 
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Synopsis.—The 100,000-volt transmission lines of the Public 
Service Company of Colorado, which were completed in 1909, 
extended from the Shoshone hydro plant on the Colorado River 
across the Continental Divide to Denver and represent pioneering in 
high-voltage transmission at high altitudes. This combination of 


factors, coupled with a rapid expansion of the whole system in re- - 


INTRODUCTION 


HE purpose of this paper is to submit the results of 
several years of operating experience of the high- 
voltage network of the Public Service Company 

of Colorado. Every transmission system has its own 
inherent mechanical and electrical features which are 
governed primarily by the amount of power to be 
transmitted, size of conductors, line voltage, spacing of 
conductors and towers, ratio of resistance and reactance 
and climatic conditions. Methods practised in load 
dispatching and the means of communication between 
various points on the system will vary for many reasons, 
depending largely upon local conditions and the best 
judgment of the engineers in charge. Furthermore, 
when any new problem in transmission engineering is 
encountered, or any change is contemplated, for the 
betterment of the service to be rendered it is always 
helpful to learn of the experiences of others who have 
been operating transmission systems. 

A part of the transmission lines included in the 
present network operated by the company has been in 
continuous service for 20 years. Two years following 
this initial construction, the line was extended to a total 
length of 153.5 mi., from the Shoshone hydro plant 
on the Colorado River near Glenwood Springs across 
the Continental Divide to Denver, and from Denver to 
the Boulder hydro plant. Other sections of the net- 
work have been constructed during the past four years. 
With the exception of the transformers at the Shoshone 
hydro plant which were rebuilt last year, all of the 
original transformers and oil circuit breakers are still in 
service. This not only represents pioneering in the 
field of high-voltage transmission, but also progress 
in the art of design, construction, and operation. 
It is hoped that the data herein submitted will add to the 
information now available on such operating experience; 
also, that it may prove to be of some value to those 
having similar operating and maintenance problems. 


1. Assoe. Professor E. E., University of Colo., Boulder, Colo. 

2. Supt. Hydro Production & Transmission, Public Service 
Co. of Colo., Denver, Colo. 

Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 
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cent years called for the satisfactory solution of many problems. The 
paper describes the system in a general way, and outlines some of the 
more salient operating difficulties that have arisen from time to time 
as well as their remedies. Brief mention is also made of the method 


of load dispatching. 
ee Sy. ee 


DESCRIPTION OF SYSTEM 


The company serves the electric lighting and power 
requirements of practically all of the central, north 
central, and northeastern portions of Colorado. The 
area served covers approximately 750 sq. mi. and 
includes about 116,300 customers. 

The high-voltage system comprises a total of 518 
mi. of line at altitudes ranging from 5280 ft. to 138,700 
ft. above sea level with 217 mi. of line operated at 
100,000 volts and 301 mi. of line at 44,000 volts. The 
properties are segregated into what is known as the 
central system and the outside system, there being no 
means at present of interconnecting these two groups. 
Transmission in the central system is over 217 mi. of 
line at 100,000 volts and 181 mi. of 44,000 volts, and in 
the outside system transmission is all at 44,000 volts 
over 120 mi. of line. The map in Fig. 1 shows the 
territory served by both systems, as well as the location 
of the generating plants supplying these two principal 
transmission networks. 

The generating plants connected to the central 
system, their capacity, and type of motive power are 
listed in Table I, while those of the outside system are 
listed in Table II. Since the outside system comprises 
only a small portion of the total properties operated 
by the company, the remaining material submitted 
in this paper will be confined entirely to the 100,000- 
volt transmission lines of the central system, a simpli- 
fied diagram of which is given in Fig. 2. 

The transformers supplying the 100,000-volt loop at 
Boulder Canyon and Valmont are _ star-connected, 
with the neutral solidly grounded. The step-down 
transformers at the Denver Terminal are delta-con- 
nected, on both high- and low-tension windings. The 
100,000-volt transformers at Shoshone have been 
rewound recently for star operation on the high-voltage 
side, and the neutral has been solidly grounded. This 
connection has not yet been in service through a 
lightning season, and no data on the effect of this con- 
nection on flashovers are available. It has, however, 
greatly improved relay operation. 

The 100,000-volt loop is equipped with impedance 
type protective relays, which have given correct sec- 
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tionalization for about 95 per cent of the flashovers. 
Until recently, flashovers on the Shoshone line have 
been cleared by manually lowering generator voltage. 
Automatic equipment was installed in October, 1927, 
for lowering generator voltage by inserting a large 
block of resistance in the generator field circuit. 

The switching center of the central system is the 
Denver terminal substation, located two miles within 
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ALTITUDE—WEATHER CONDITIONS 


The 100,000-volt line which crosses the Continental 
Divide presents a most difficult task of maintaining a 
high degree of continuous service. Reference to the 
profile of this line as shown in Fig. 3 discloses that the 
line originates at an altitude of approximately 6000 ft. 
at the Shoshone hydro plant; then traverses the Rocky 
Mountains, negotiating three passes—Hagerman at 
12,000 ft., Freemont at 11,500 ft., and Argentine at 
13,700 ft., thence to the Denver Terminal at 5280 ft. 
above sea level. 

Shortly following the completion of this line, many 
interesting experiments were conducted and some of the 
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Fig.2—Simpuiripp Diagram oF THE 100-Ky. LinEs oF THE 
Pus.ic Sprvic—e Company oF CoLoRADO 


results have appeared in Institute papers. The weather 
conditions during the winter season are very severe, 
making it difficult to secure all the operating data which 
often would be desired in cases of trouble. At the 
higher altitudes in the fall and spring there is an abun- 
dance of moist winds, whereas in the winter temperatures 
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Fic. 3—Prorite or TRANSMISSION Linz, SHOSHONE TO DENVER; DenvER TO BOULDER 


the city limits of Denver. Three 100,000-volt lines 
converge there, and 60,000 kvy-a. in transformer capacity 
is provided for supplying 13-kv. city feeders. The 
system operator and dispatching office are located at 
this substation. Private telegraph and telephone, and 
leased telephone lines are provided for communication 
with all parts of the central system. 


as low as 52 deg. below zero fahr. have been recorded. 
The maximum measured wind velocity so far reported 
is 165 mi. per hour. These conditions, combined with 
the heavy snows, make certain sections of the line 
almost inaccessible for a period of time, which means 
that the line must be thoroughly dependable from both 
the electrical and mechanical stand¢point. 


Oct. 1928 


There are times when the winds are heavy-laden with 
moisture which freezes as it strikes the cold surfaces 
of the towers and conductors. This frost formation 
which usually builds out against the wind hasbeen found 
to cover the conductors with an over-all dimension of 
12 in., with still greater masses on the towers. Frost 
formations measuring 2 to 214 ft. in thickness have been 
observed on the towers but so far there has been no 
failure of towers on account of this loading. Fig. 4 
shows an interesting view of this ice formation; also 


Fic. 4—Tower on ARGENTINE Pass. ALTITUDE 13,700 Fr. 


the method of holding the jumpers in place against the 
high wind velocity. This particular tower stands at the 
top of Argentine Pass. 

One of the important factors taken into account in 
locating the tower line were snow and rock slides. 
Whenever it appeared unlikely to avoid these slides, 
heavy cribs were built around the towers to prevent 
their destruction. Fig. 5 shows the method adopted 
to protect the towers from such slides. The cribs are 
constructed V-shape and on the up-hill side of the tower, 
the intention being to split the slide. This type of 
protection, illustrated in Fig. 5, is constructed of heavy 
steel section securely anchored and filled with rock. 
During the nearly 20 years that the lines have been in 
operation, only ten tower failures have occurred 
attributable to slides. Of this number, one failure 
resulted in both the protecting crib and its tower being 
carried away by the slide. Landslides also have been 
the cause of several tower failures. 

Considerable lightning is encountered on this line, 
covering an average period of 130 days per year. 
Many statements are made to the effect that insulation 
is the foundation of the electric power system; and true 
it is; yet any line exposed to storms, lightning, and 
slides, as previously mentioned, calls for a high degree 
of sturdiness in both electrical and mechanical design. 
The line across the Continental Divide has been in 
operation sufficiently long to enable a satisfactory 
solution to most of the mechanical problems 
in maintenance, but the problem of protection 
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against lightning is still a very difficult one to master 
reasonably. 


TABLE I. 
GENERATING PLANTS—CENTRAL SYSTEM 

Rated kw. No. of Motive 

Location at 0.8 p. f. units power 

PHGSHONS Sis wits © oe tete wea ate de 14,400 2 Water 
Boulder ‘Oanyon i..665. cess 14,400 2 Water 
Ceorgetowitgs .is'asvesa eas 900 2 Water 
head villas issu. sa he bes hates 1,925 2 Steam 
hatavettes cee cre veil oe cle 6,000 4 Steam 
Denver (West Plant)......... 9,250 4 Steam 
Denver (Lacombe Plant)...... 16,500 3 Steam 
WalmonG. sees Mneatuntt + hous aart 45,000 2 Steam 

TABLE II 
GENERATING PLANTS—OUTSIDE SYSTEMS 

Rated kw, No. of Motive 

Location at 0.8 p. f. units power 

GREY One 8 hae esha Asteterend are pc 4,000 4 Steam 
BCP ree oh cis SAR ele hs 2,250 3 Steam 
PLAIOSA see oy Giareae loot seesaw 1,400 2 Steam 
pa EN fob: ie eS Se te a On ene ee 700 2 Steam 
RUA St Pancaesal as ae ce ote 1,200 5 Water 


Fic. 5—Crip Protrectina Tower FROM SNow AND Rock 
SLIDES 


LINE INSULATION 


The original insulation was four Hewlett disk insula- 
tors on both dead-end and suspension strings with a 
7\4-in. spacing of disks on the dead-end and 6-in. 
spacing on the suspension strings. The ratio of dead- 
ends to suspensions was about one to fifteen. Two 
l4-in. steel ground wires were put up for protection. 
Many difficulties were encountered during the first 
year of operation, principally on account of the lines 
being under-insulated and on account of mechanical 
failures of the ground wires. During the following year, 
the ground wires were removed, and a fifth disk was 
added to all dead-ends. This measure showed some 
improvement in service. During the following year, 
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are points were placed on both ends of all strings to 
provide a flashover path which did not destroy insu- 
lators. 
of outages caused by lightning. 

In 1916, it was decided that the flashovers per annum 
were still too numerous, whereupon a fifth disk was 
added to all suspension strings and a sixth disk to all 
dead-ends. This reduced the number of flashovers 
approximately 75 per cent. 


NEw 100-Kv. LINES 

The Valmont-Denver line and the Valmont-Boulder 
line (see Fig. 2) were built during 1924, and placed in 
service during December of that year, which also 
marked the completion of the first unit of the new 
Valmont steam plant. These two lines tie in the plant 
with the Denver Terminal and with the Boulder Canyon 
hydro plant. American Bridge Company towers were 
purchased for both lines and designed for single cir- 
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Fig. 6—Tyre or TOWER USED ON VALMONT—BOULDER LINE 


cuit horizontal conductor spacing on the Valmont- 
Boulder tie, (see Fig. 6), while twin circuit vertical 
conductor spacing is used on the Valmont-Denver tie. 
Only one circuit was strung on the latter tie, and the 
second circuit will be added when the growth in load 
reaches such a point as to demand it. 

High mechanical strength, 336,000-cir. mil, A.C.S.R. 
conductors are used on both tie lines, the cable being 
made up of 30 strands of aluminum 0.1059 in. in 
diameter and 7 strands of steel 0.1059 in. in diameter. 
All suspension strings consist of seven No. 25622 O-B 
insulators spaced 434 in., and all dead-end strings 
consist of seven No. 26240 O-B insulators spaced 7 in. 
Are points were initially placed on suspension clamps 
and at dead-end points on ail strings, hoping to avoid 
breakage of upper disks by flashovers. Fig. 7 shows a 
typical failure of upper disk, and Fig. 8 shows type of 
upper arc points which are being installed. 
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GROUND WIRES 

Before going into a discussion of the interruptions 
to service on the 100,000-volt lines, it would be well to 
review the company’s experience with ground wires. 
In the original design of the Shoshone-Denver and 
the Boulder-Denver lines, two ground wires were 
incorporated in an effort to avoid lightning troubles. 
These ground wires were soon abandoned and taken 


Arc Ports 


Fig. S—Tyre or Urrer Arc Ports Berne INSTALLED 


down on account of mechanical difficulties as previously 
mentioned. All towers on the new tie lines to the 
Valmont plant are so constructed that a ground wire 
may be added readily, but to date this has not been 
done. 

The lines from the Shoshone and Boulder hydro 
plants and the Valmont steam plant converge at a 
point about four miles west of Denver. From the Dry 
Creek substation, 214 miles west of the terminal, the 
circuits from the Boulder and Valmont plants are 
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carried on a double circuit tower line, the construction of 
which is illustrated in Fig. 16; while the Shoshone 
circuit is brought the same distance over a single cir- 
cuit H-frame wood pole line, all on a common right-of- 
way. ‘This double circuit of 214 miles in length has 
been protected with a ground wire through two lightning 
seasons, with the result that there has been no insulator 
breakage on account of flashovers, and it is believed 
that there have been no flashovers during this period 
on this particular section. 


TYPES OF TOWERS 


The Shoshone and Boulder Canyon lines were built on 
two types of towers, as indicated in Figs. 9 and 10. 
The tower shown in Fig. 10 was originally intended for 
double circuit use, with the second circuit directly 
below the upper circuit. This arrangement was found 
impracticable, and the lower arm was removed. Both 
of these towers were originally equipped for two ground 
wires, with clamps located at the connection of tower 
legs and the upper arm. Spacing was inadequate and 
ground wire failures were frequent, so they were taken 
down shortly after construction. Fig. 11 shows an 
extension recently added for carrying a ground wire 
over a portion of the Boulder line. The ground wire is 
flexibly supported in a standard conductor suspension 
clamp. The tower shown in Fig. 10, with a height of 
50 ft. weighs 3600 Ib. Fig. 9, 44 ft. high, weighs 1980 
Ib. In the Boulder Canyon—Valmont line built in 
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The steel poles, shown in Figs. 14 and 15, were used 
where right-of-way difficulties required narrow base 
construction. 


INTERRUPTIONS 
- Such information as has been recorded which may 
enable an analysis of the causes of interruptions is 
summarized in Table III. The data on outages have 
not been recorded with the degree of completeness which 
might be followed were a special study to be conducted 
on this phase of operation. The number of broken 
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Valmont - Boulder Canon | 90 Kv. Double Circuit 


Z : : Fic. 12 se Fic. 15 
1924, the tower shown in Fig. 12 was used. It weighs Lon 6m 
6000 lb., with a height on top of insulator string of 41 ft. a 
The Valmont-Denver towers, Fig. 13, double circuit, -10ft 5 in. +410 ft. 5 in 
built in the same year, weigh 7600 Ib. eee 4 
The tower shown in Fig. 9 appears to be very light - 
and of flimsy construction, and guys are used on many Fatt Séin Ee ia 
towers. However, few tower failures have occurred. ; | ) 
The somewhat flexible construction of these towers has Ae ike ce Ta ian L 9m bina J0R Adie 
probably relieved the stresses on them, and has per- Milliken site Tower wih Ground Wire 
mitted the guys to take some stress before tower Fic. 9 ; 
members failed. Fics. 9—15 
TABLE III - 
SUMMARY OF INTERRUPTIONS 
Plant or 
sub- Secon- Broken 
Operating} station dary Jumper Rifle Total | Total con- 
Line—Year Spacing | Lightning} error trouble | trouble off Slides | Wind | shooting | Birds | Unknown} line | year | ductors 

1925 
Shoshone-Denver....| Flat 49 0 6 1 0 1 8 0 0 4 69 6 
Boulder-Denver...... Flat 6 0 1 1 0 0 0 0 0 0 8 1 
Valmont-Denver..... Vert 6 1 0 0 0 0 0 0 0 1 8 0 
Valmont-Boulder....| Flat 0 0 0 0 0 0 0 0 0 0 0 3 0 

1926 
Shoshone-Denver....| Flat 46 1 3 4 1 0 1 0 0 7 63 . 2 
Boulder-Denver...... Flat 10 i) 1 0 0 0 0 0 1 1 13 0 
Valmont-Denver..... Vert. 14 0 0 0 0 0 0 0 0 0 14 
Valmont-Boulder....| Flat 0 0 1 0 0 0 0 0 0 0 1 * 

1927 
Shoshone-Denver....| Flat 35 0 2 5 3 5 5 1 0 4 60 3 
Boulder-Denver...... Flat 8 0 0 0 1 0 3 0 0 0 = 
Valmont-Denver.... - Vert. 11 0 0 0 1 0 0 0 1 2 15 ; 
Valmont-Boulder.. ..| Flat 2 0 0 0 0 0 0 0 0 0 
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conductors as given in the last column of Table III for 
each line during each year, are included in their proper 
places under other headings in the table. In some 
instances the failure’ was attributed to wind, while 
in other instances, the cause was not definitely apparent. 

The prevalence of thunderstorms in the mountain 
regions causes many interruptions on account of light- 
ning. The number of outages from this source amounted 
to 71.8 per cent in 1925; 77.8 per cent in 1926; and 62.9 
per cent in 1927. The lightning report of the company 
for 1927 gives a total of 228 thunderstorms accom- 
panied by a quantity of lightning, the first reported on 
March 30th, and the last reported on October 12th. 
During this period there were 56 trip-outs, and a total 
of 91 insulators had to be changed on account of disks 
being shattered. 

One interesting relation which is evidenced by the 
summarized data on lightning as given in Table IV, 


TABLE IV 
SUMMARIZED LIGHTNING REPORT 


No. times No. times |No. insulators|Miles ckt. per 
lightning breakers damaged by | trip-out per 
Line reported opened lightning season 
1925 
Shoshone-Denver 106 49 33 Pe 
Boulder-Denver 44 6 14 SAY 
Valmont-Denver 25 6 6 4.6 
Valmont-Boulder 8 0 5 Sea 
Total hae ot 183 61 58 


First lightning reported April 6th; last reported November 13th. 


1926 


Shoshone-Denver 153 46 19 3.3 

Boulder-Denver 61 10 12 3.0 

Valmont-Denver 23 14 10 1.9 

Valmont-Boulder 18 0 9 = 
Total....... 255 70 50 


First lightning reported March 20th; last reported October 4th. 


1927 


Shoshone-Denver 130 35 38 4.6 

Boulder-Denver 47 8 20 | ORE 

Valmont-Denver 25 11 23 215 

Valmont-Boulder 26 2 10 4.0 
EC OtalSea.a- 228 56 91 


First lightning reported March 30th; last reported October 12th. 


is the comparison of the “miles of circuit per trip-out 
per lightning season” for the several 100-kvy. lines. 
Bearing in mind the fact that these circuits are not 
protected by a ground wire except for the 21% mi. of 
vertical-spacing double circuit from the Dry Creek 
substation into the Denver Terminal, the conclusion to 
be drawn is that flat construction without ground wire 
is least disturbed by thunderstorms. Following the 
observations which have been made to date on this 
particular phase of operation, the company decided 
that a ground wire properly installed is an essential 
adjunct to the system, and is proceeding with its 
construction, due attention being given to its material, 
location, method of attachment, and stringing tension. 
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The ground wire is flexibly suspended from “U” bolts 
or eyes in a standard conductor clamp and in a position 
where it is free to swing. In other words, instead of 
treating it merely as a doubtful appendix to the circuit, 
it is receiving the same careful consideration as though 
it were one of the main conductors. 

In all but two cases where insulator damage occurred 
on the Valmont-Denver line as a result of lightning, 
the damage was confined to the string supporting the 
top conductor. This is in line with results to be 
expected on vertical type construction. 

Table III indicates that substation troubles have 
somewhat frequently affected transmission line opera- 
tion. Occasional 100-kv. bus flashovers occur in the 
indoor substations, although the busses are separated 
by twice the flashover distance between line insulator 
are points. These troubles appear to be most frequent 
in the substations at Dillon and Leadville, which are 
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16—Tyrre or Douste-Crrcuir Tower 


approximately 9500 and 10,500 ft. above sea level 
respectively. Grounding the line neutral seems to have 
largely eliminated this trouble. 


INSULATOR FAILURES 


When the new lines were built, seven close-spaced 
disks were used in suspension, with the expectation 
that cascading on fiashovers would be avo-ded. Are 
points were provided on the suspension clamp to avoid 
burning of the conductor. Operating experience indi- 
cates that practically all flashovers damage one or more 
insulator disks at the top of strings. A theory has 
been proposed by the insulator manufacturers that the 
swinging bracket used for mechanical reasons in sup- 
porting suspension strings causes a detrimental dis- 
tribution of electrostatic flux. Upper are points are 
being installed at all points to protect the insulatorsfrom 
flashover ares. 
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It is of interest to note that in the 50 flashovers which 
have occurred on the new lines, in all but one case it has 
been possible to restore service immediately without 
repair or insulator replacements. In the one case 
excepted, insulator hardware was burned through on 
-account of a relay failure, and the conductor was 
dropped. This string is shown in Fig. 17. 


CONDUCTOR FAILURES 
The failure of power conductors and ground wires as 
a result of vibration is a subject which has received 
considerable attention in recent years. Efforts have 
been made to determine those factors which contri- 
‘bute to destructive vibration and valuable data have 
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Fie. 17—Insutator Harpware BurNep THROUGH 


been assembled. Within its lifetime of operation the 
Public Service Company of Colorado has experienced 
approximately 200 conductor failures attributed to 
various causes. The majority of these cases of trouble 
occurred in the early years of operation and repetition 
was prevented by the use of a flexible joint between the 
conductor and the insulator for suspension type con- 
struction and at the towers for dead-ends. 

One interesting and peculiar type of conductor 
break began to develop in 1921 for the first time and has 
been showing up since atanincreasingrate. Horizontal 
spacing is used on the Shoshone-Denver and on the 
Boulder-Denver lines, these lines having been con- 
structed in 1909. All conductors as initially installed 
consisted of six copper strands with hemp center. 
Referring to the profile in Fig. 3, No. 1/0 conductor was 
strung from Shoshone to Leadville; No. 1 conductor 
from Leadville to Dillon; No. 1/0 conductor from Dillon 
to Denver, and No. 1 conductor from Boulder hydro 
plant to Denver with a tension of 1250 Ib. at 60 deg. 
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fahr. Steel towers are used the full length of these lines, 
with a normal span length of 700 ft., a minimum of 300 
ft., and a maximum of 2700 ft. The general direction 
of the wind is parallel to the Shoshone-Denver line and 
at right angles to the Boulder-Denver line. 


The probable phenomenon surrounding the type of 
failure which began to show up on the Boulder-Denver 
line in 1921, and not until in the spring of 1927 on the 
Shoshone-Denver line, has aroused much concern for the 
reason that it has been necessary to replace 11.4 line 
mi. of conductor to date on the Boulder-Denver line on 
account of failure of individual strands. A close exami- 
nation of the breaks in the individual strandsreveals that 
some strands fail from crystallization, some from elonga- 
tion, and some from an apparent crystallization. If the 
length of the conductor between two points is divided 
roughly into thirds, these breaks occur most frequently 
in the third of the span length next each point of sup- 
port, and very rarely in the middle third. The breaks 
in a single strand are found to occur from 1% in. to 4 in. 
apart, while these breaks appear to be in a stage of 
development along the conductor grouped at intervals of 
6 in. to 6 ft. apart. 


Fig. 18 


STRAND FAILURES 


All but one of these conductor failures have occurred 
on the Boulder-Denver line and in that section of the 
line which traverses what is known as the Rocky Flats, 
just north of the city of Golden, where the prevailing 
severe winds are at right angles to the transmission line. 
From observation, it is found that in addition to the 
swinging of an entire span length of one conductor, 
there are segmental vibrations set up. These segmental 
vibrations promote crystallization, which in time 
develops a slight fissure in the strand next to the hemp 
center. Then there is a possible electrolytic action 
set up following the creation of the fissure, the metal 
being conducted through a film of moisture and deposited 
on the hemp center. This line of reasoning does not 
always appear to be borne out by facts; for while there 
is a noticeable deposit of copper on the hemp center in 
some instances, there are other instances in which the 
hemp is very badly disintegrated with no sign of copper 
deposit and still others where the hemp is in a high state 
of preservation with no sign of copper deposit. Another 
thought which has been advanced is that the wire as 
received from the mills contains slight flaws which 
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progressed under vibrational stress. Neither theory 
seems to provide a satisfactory answer. 

The appearance of a strand failure enlarged to 
approximately 20 diameters may be seen in Figs. 18, 
19, and 20. These particular ones are three of a total 
of four strands in a conductor break having the same 
characteristic appearance, while the other two strands 
of the conductor failed as a result of elongation with a 
slight amount of burning as the conductor finally 


21—StTranpD FLuaw DIscOVERED AFTER CONDUCTOR WAS 
REMOVED FROM LINE 


Fi14. 


parted. All six strands parted within a distance of 
11 in. along the conductor. It will be noted that a very 
definite crater exists, partly as a result of the dis- 
appearance of metal, and partly on account of the 
necking down of the small amount of metal left around 
the periphery of the strand. These three illustrations 
are typical of all those investigated where the fissure had 
progressed nearly all the way across the strand. 

Fig. 21 shows an enlargement of a break completed 


Fig. 22—Srranp Farture Propucep MECHANICALLY 

by hand. As the strand was unwound from the 
conductor it parted with less effort than the breaking 
of a thin toothpick. In other words, it virtually fell 
apart, so high was the degree of disintegration. The 
break was a little more uneven than in the three pre- 
ceding illustrations, and could not be focused uni- 
formly. It may be seen, however, that the fissure had 
progressed more than a quarter of the way across the 
strand with the same characteristic stream lines con- 
verging at a point of discharge as in the other strands, 


COOVER AND HARDAWAY 


Transactions A. I. E. E. 


and that the process of creating the defect is in two 
stages; one progressing V-shape and the other in the 
shape of a fan. 

Fig. 22 is an enlargement of a strand break produced 
mechanically and submitted only to compare its 
fracture with those produced in line service. It may 
be mentioned that the reason the enlargements do not 
appear to be more circular is on account of the fact 
that the specimens had to be tilted slightly under the 
lens in order to use reflected light. A fact of some note 
is that, to date, the phenomenon described above has 
only occurred on the No. 1 size conductor, there being 
none to date on the No. 1/0 conductor. 

Another reason which may be advanced for these 
failures is that the process of wire drawing in use at the 
time the cable was manufactured resulted in the wire 
being drawn too hard, and that the conductor vibrations 
set up by the wind causes any hard or brittle spots in the 
wire to crack. Once the crack is produced, it is only a 
question of time until under the possible combined 
influence of corona discharge and repeated flexure, the 
ultimate break will occur. 

The abrupt rise of the mountains from the plains 
produce a change in temperature sufficient to keep air 
currents crossing the Boulder-Denver line almost con- 
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tinuously. It has been observed that even slight air 
currents will set up and maintain vibrations which 
appear to have a greater amplitude at times than the 
segmental vibration caused by high winds. It is re 
gretted that no specific data have been obtained on these 
lines which might enable some possible relation to be 
established among temperatures, length of span, 
stringing tension, frequency and amplitude of vibration. 

To date no vibration troubles have been experienced 
on the aluminum conductors. 


MAINTENANCE AND OPERATION 


Maintenance methods have been developed which 
enable the patrol men to make repairs with the mini- 
mum of assistance. This has been made necessary by 
the inaccessibility of many parts of the line. Fig. 16 
illustrates the working platform and “slack puller.” 
The platform is suspended from the arms and guyed 
to the base of the tower. It provides a stable platform 
at a convenient height for work on dead-ends, and is 
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safe even in high winds. When necessary, hook ladders 


and planks temporarily attached to the towers are used 
for work on suspension strings. 


The “slack puller” is a crank-operated tension device _ 


with sufficient gear reduction to enable one man to 
exert a tension of 10,000 pounds. Its use dispenses 
with heavy blocks and luff lines in insulation replace- 
ment work. This device was invented and patented 
by the Transmission Superintendent of this system. 

In the mountainous regions where the line can be 
reached only over steep, rocky trails, burros are used in 
pack trains for transporting material. Fig. 23 shows 
this means of transportation. 


SAFETY IN OPERATION 


There has been no fatal accident to any employee 
on the 100-kv. lines during the entire period of opera- 
tion. One man was seriously injured in a fall from a 
temporary platform because he was not using his 
safety belt. There have been two accidents fatal to men 
not employed by the company. One occurred when a 
young soldier climbed a tower on a dare and fanned the 
conductor with his hat. The second accident killed a 
sheep herder and his horse when he rode into a line 
having insufficient clearance. . 

Grounded guard wires have been installed under the 
lines at important highway crossings, and the towers 
have been fenced or otherwise guarded in places which 
are particularly accessible. 


Responsibility for safe operation of the lines rests 
largely with the dispatchers. Patrolmen keep the 
dispatcher informed of their movements, and when 
patrolmen do not report on schedule, additional help is 
sent out. This protection is particularly necessary in 
mountainous country where blizzards are not infre- 
quent, and where falls or snow slides may disable men. 

Safety and first-aid work is emphasized, and a whole- 
hearted attempt is made to “‘sell” the idea of doing work 
safely, rather than to enforce rigid rules of safe conduct. 
Monthly meetings are held where safety and operation 
are discussed, and where any employee may voice per- 
tinent ideas or opinions. 

Linemen are divided into groups and if no time is lost 
on account of accidents to any member of the group ina 
three months’ period, each member is given a pair of 
pliers, suit of overalls, pair of gloves, or similar useful 
article. 


CONCLUSIONS 

No exceptional difficulties have been encountered in 
high-altitude operation; jumpers at dead-end towers 
should be supported where wind velocities are high. 

Insulation problems are no more serious than at sea 
level. 

Are points appear to be desirable at both ends of 
insulator strings. Copper and steel conductors operat- 
ing above the critical voltage for corona for many 
years do not show unusual depreciation. 
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Horizontal configuration appears to be more desirable 
than vertical configuration, and properly built ground 
wires are probably effective. 

Satisfactory relaying of high-voltage lines has been 
accomplished without great difficulty. 


Discussion 


Harold Michener: Some of the conductor failures were said 
to be due to wind, or thought to be due to wind. I should like to 
ask if it was thought that the wind forces caused those conduc- 
tors to part without burning or whether it was the wind that 
blew the conductors into the tower or the two conductors to- 
gether, after which they burned down. 

M. T. Crawford: The Puget Sound Power & Light Com- 
pany has operated a 120-mi., 110-kv. line across the Cascade 
range for about six years. Although the altitudes are not as 
great as those described in this paper, the ice and snow formation 
and weather conditions appear equal if not worse. The experi- 
ences on this line were described in a paper presented at the 
Pacific Coast Convention of the Institute in October, 1923.1 
Subsequent to the presentation of this paper, additional recon- 
struction work was done, following which there have been five 
years of very successful operation without a single interruption 
due to failure in the extreme loading section. 

As finally reconstructed this line is built on standard steel 
towers with horizontal conductor arrangement, using 350,000 
cir. mil 19-strand hard-drawn copper cable. No dead-ends 
are employed, all wires being held by suspension strings, each 
consisting of two standard strings yoked together in parallel, 
and free to swing at both tower and clamp. This method of 
construction permits free movement of conductors lengthwise of 
the line and eliminated the troubles which were first experienced 
from wires being jerked in two at dead-ends by the falling off 
of large sections of the snow and ice formation which builds up 
to 2 ft. in diameter. 

All of the diagonal and horizontal angles were removed from 
the steel towers up to the snow line and in their place heavy 
angles were installed paralleling the corner leg members, eliminat- 
ing the serious trouble which was at first encountered by the 
bending and shearing of angle braces by the settling of the heavy 
snow crust in the Spring. 

Fortunately lightning is infrequent in the Puget Sound region. 
Only six interruptions have occurred in the five years from 
troubles of all kinds on this line, two of which were from lightning. 

I should like to ask the authors of this paper if the troubles 
from broken conductors on the Shoshone-Denver line, noted in 
Table III, included any breakage of the character referred to 
above, due to the ice loading or to jerking action at times of 
dropping off of such loading. 

H. H. Plumb: I should like to ask the authors if they have 
evidence of any unusual wind velocity at the high points across 
the passes. In my experience the evidence has been very plain 
that the wind velocity at the top of a fairly high mountain has 
been exceptionally high, of the order of a hundred miles per hour. 
That figure has been obtained by taking the size of the ice coating 
at the time when failures occurred, which was about 4 in. in 
diameter on a 3%-in. diameter conductor of steel, and calculating 
the wind velocity that must have been present to break such 
conductors. 

I should like to ask the authors if they have encountered any 
such high wind velocities as that. 

G. B. McCabe: I wish to question the wisdom of leaving that 
word “probably” in the conclusions under the next to the last 
paragraph—“ properly built ground wires are probably effective.” 


1. Transmission Line Construction in Crossing Mountain Ranges, M. 
T. Crawford, Trans. A.1. E. E., Vol. XLII, 1923, p. 970. 
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In the case of the Detroit Edison Company, we should leave the 
word “‘probably”’ out of such a statement. 

We have a section of a double-circuit, 120,000-volt line between 
Trenton Channel and Marysville power houses, which runs 
through a particularly bad area in respect to lightning. During 
the 1925 lightning season on this double-circuit line in this par- 
ticular section between Marysville and Superior Substations 
we had 44 lightning storms and 107 trip-outs. The following 
Winter we equipped the bad section with ground wire, a single 
ground wire of the same size as the conductors, viz., No. 000 
supported in the peak of the tower, and during the next or 1926 
lightning season, with 34 electrical storms we had only seven 
trip-outs. We therefore feel that the use of ground wires is 
decidedly effective. 

W. D. Hardaway: Mr. Michener asked if wind forces caused 
the actual failures. My impression is that they did not. I 
think that at the time the worst trouble was being experienced 
the line was equipped with ground wire at that point and the 
conductor was blown into the ground wire and burned, or at 
least nicked, and failed later. 

Mr. Crawford’s discussion was certainly an ‘‘eye-opener’’ to 
the operators in Colorado. Our snow loading and ice loading 
isn’t as severe as that. We have large volume of frost formation 
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but it isn’t very heavy. Also, his service record of six outages 
in five years was certainly very interesting to us. 

As to failures by jerking action of ice loading, I don’t believe 
that has been experienced for the reason that the ice loading is 
not very dense. It is sometimes a foot in diameter but not heavy. 
Some of the failures which have occurred have been where the 
line was buried under snow and the snow suddenly settled and 
took the line out. It is rather interesting that some of those 
lines have operated actually under the snow, through tunnels in 
the snow. 

Mr. Lloyd spoke of whipping of conductors on the Argentine 
Pass. The particular experience given in Mr. Thomas’ paper 
was obtained on another line, Boulder Canyon, on a very steep 
hillside, and with a lighter conductor than the line across Argen- 
tine. However, there has been some wind trouble at Argentine 
which was helped by dropping the middle conductor and obtain- 
ing increased separation vertically. 

The wind velocities which were mentioned are of interest to 
us. I can’t speak with definite knowledge, but we have reports 
of 150-mi. wind velocities on Argentine Pass. Of course, those 
velocities should be corrected to sea level. They do not have as 
destructive action at 13,000-ft. altitude as they would have at 
sea level. 


-A-C. Elevator Motors of the Squirrel-Cage Type 


BY E. E. DREESE! 


Member, A. I. E. E. 


Synopsis.—This paper sets forth the features of squirrel-eage 
motor design which differentiate it from standard motors. Much of 
the paper is devoted to the two-speed motor with two separate stator 
windings having speed ratios of 2/1,3/1,4/1, and 6/1. The two- 
speed motor with a single winding is limited to the 2/1 ratio. 
Higher ratios are necessary for high elevator speed and low and 
accurate landing speed. 

The elevator motor is subjected to continual starting and stopping. 
The effects of inertia in such service are considered in connection with 
motor heating. 

The proper division of slot area between the two stator windings 


HE induction motor as developed for elevator drive 
is a highly specialized type of machine. Slip- 
ring motors have been used, but the complications 

of control and the difficulty in eliminating noise have 
caused them to give way to the high-resistance squirrel- 
cage type. The high-resistance rotor gives a speed- 
torque characteristic which insures that the motor will 
have no points of mechanical instability and the motor 
will not pull-out and stall. The high-resistance rotor 
can be designed to give the maximum torque when 
starting and the torque per ampere is high. Another 
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advantage of the high-resistance rotor is that it reduces 
the stator heating during a change of speed. 

For a low-speed elevator the stator is usually wound 
for a single speed. For higher speeds the motor is 
built for two speeds since at high elevator speeds it is 
more difficult to make accurate landing. In the case 
of two-speed motors, the high-speed winding is generally 
used for starting and running and the low-speed for 
retarding and landing. The speed ratio required for 


1. Chief Engineer, Lincoln Electric Co., Cleveland, Ohio. 
Presented. at Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 


and the problem of building a rotor with proper characteristics on 
both speeds are explained. 

Noise elimination is necessary in elevator motors. 
of this requirement in design is considered. 

The effect of rotor skew is compared to the effect of distributed 
winding in the stator. The quantitative effect of skew is embodied 
in a constant called ‘‘skew factor.”’ 

The possibility of transformer effects between the windings of a 
two-speed motor is explained and methods of correcting to eliminate 


circulating currents are indicated. 
* * * * * 


The effect 


the two windings should be greater the higher the speed 
of the elevator. Common speed ratios are 2-1, 3-1, 
4-1, and 6-1. The high speed usually has four poles or 
more and the low speed 48 poles or less. A common 
motor for high-speed elevators has eight poles on the 
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Fig. 2—Torquze AND CURRENT CHARACTERISTICS OF 3-1 


Exevator Motor 


high speed and 48 poles on the low speed, running at 
synchronous speeds of 900 rev. per min. and 150 rev. 
per min. respectively on 60 cycles. The speed-torque 
and current-torque curves of two representative motors 
are shown in Figs. 2 and 3. 


REV. PER MIN. & AMPERES 
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Fig. 3—Toreue AND CuRRENT CHARACTERISTICS OF 6-1 


E.evator Motor 


Performance calculations on the high-speed winding 
are much simpler than on the low-speed winding. The 
conventional methods of calculation by the use of the 
circle diagram are possible only with the higher speeds. 
With the lowest speeds such as with 48 poles, the con- 
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ventional arele dizgram cannot be used. The reason 
is that the stator winding has high resistance and re- 
actance characteristics due to the large number of turns 
of relatively small wire required. The idle current is 
practically the same as the starting current. Thereisa 
method of using a arele diagram for this type of motor 
in which diagrams the arele is displaced and tipped 
deseribed by Behrend and makes use of McAllister’s 
Transformations. But this graphical method has not 
been found convenient and expeditious for design work. 
Caleulations using the consiants of the areuits have 
proved much less Iehoriocus. 

‘These motors are wound for star connection but the 
leads going to the neutral are brought out of the 
machine separately instead of being connected inside. 
This allows the user to imsert resistance for starting. 
if desired, at the neutral poimt where the voltage be- 
tween phases is low and the imsulation problem m the 
control is thereby made simple. With this arrange 
ment the wiring arrangement of the control is likewise 
smplified 

IngeTia Loans 

In order to undersiand the design problems m this 
motor, it is necessary to grasp the fundamental ideas 
of the type of load the motor is required to handle 
Consider the simple mechanical arrangement con- 
sisiing of a motor driving a drum over which is hung a 
eable carrying an elevator cage om ome end and a 
counterweight on the other. The counteweght is 
usually enough to counterbalance the weight of the cage 
and a certain portion of the eapacity load. This por- 
tion ts usually m the neighborhood of 40 per cent. 
Thus, with a load of 40 per cent of capacity the weights 
has no load except to accelerate the masses and to over- 
come friction. It might seem that under this condition 
the motor hasn’t much to do, but both theory and 
Practise show that the condition with ezact counter- 
balanemg 1s hitile different from an unbalanced load 
im so far as the heating of the moior is concerned. 
Every time the machine is started the motor must 
transfer energy from the electric lines to the moving 
nection with the brakes when the machine slows down 
to stop. During rush hours when stops are being made 
at nearly every floor this creation and destruction of 
kinetic energy becomes a dominating factor in the load 
and consequently in the design of the machine. The 
energy relations involved in the accelerating and retard- 
ing of an induction motor with 2 pure inertia load are 
easily derived. 

The mechanical power output of the rotor is given by 

mechanical power output = K « T 

Where @ and T are the angular velocity and the 
torque respectively and K is 2 constant depending upon 
the system of units. From dementary induction 
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motor theory the electrical power input to the rotor is 


Where I is the equivalent moment of inertia of the rotor 
and is determined by transferring all of the kinetic 
energy of the moving parts of both motor and con- 
nected load to the rotor. The energy relations for the 
rotor during change of speed may then be set up as 


. KI dw 
Mechanical energy output = —— f @—7r- 
& 


) 


The expression (1) simply states that the mechanical 
output of the rotor during change of speed is equal to 


Rotor Erriciency Duginc ACCELERATION 


If an induction motor comes up to synchronous 
speed from standstill 


e,=0 @:=2 
In this case rotor output = ae (3) 
wie IE 
It is thus seen that 


Rotor loss = kinetic energy 
This relation is true whatever the rotor or stator 
resistance and whatever the flux density. Indeed all 
of these quantities may be variables during the process 
of acceleration. 


Rotor Erriciency Durinc RETARDATION 

In devator operation the process of retardation from 
high speed consists of throwing over to the low-speed 
winding. The low-speed winding is then running above 
synchronous speed and will act as a generator. It will 
transfer some of the kinetic energy of rotation back to 
the ime. Reference to the curves in Figs. 2 and 3 will 
the elevator with pure inertia load is operating at 
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point A. After the shift to low speed it is operating at 
B and the rotor is subjected to retarding torque. The 
rotor is retarded until it is in low-speed synchronism at 
C. 

The energy relations for this process may be derived 
from expressions (1) and (2) in which is substituted the 
new synchronous speed 2/Z. Also 

W. = 0/Z and w; = 2 
- Substituting in (1) and (2) there results 


rotor mechanical output = 29 rie Q 


s Kb ( Pees P 
ee % Vig ) 
rotor eiectricai Input = g Z Z — Q 
KI : Z-—1 \ 
ee Q faernas J (6) 


The negative signs show that the machine is now a 
generator with mechanical input, derived from the 
change in kinetic energy and electric output from the 
rotor to the stator. 


—1 
Rp 


vided by the high-speed kinetic energy from expression 
(3) there will result an expression showing the portion 
of the high-speed kinetic energy which is returned to 
the stator by regenerative braking. This expression is 


Z-—1 
z) 
It is now possible to make up a table showing what 
becomes of the kinetic energy of the rotor and load when 
a shift is made to low speed and when after low-speed 
synchronism is reached mechanical brakes are applied. 


The unit of energy is the kinetic energy at high-speed 
synchronism. 


: KI 
If the rotor electrical output ne Oe be di- 


(7) 


mess Sosa TEENIE 23) ( 
high-speed kinetic energy — 


TABLE I 
MMS POOR VAIO)! Petus sarsi vests ye Salas ave Mee 9 2 3 4 6 
Original kinetic energy... 3). che sears we ws 1 1 1 1 
Portion returned to stator from (7).........| 0.5 0.44 | 0.37 | 0.28 
Portion lost in mechanical brake........... 0.25 | 0.11 | 0.06 | 0.03 
Portion lost in rotor winding.............. 0.25 | 0.45 | 0.57 | 0.69 
ROvoP Oss Per CYVCIO, 6.8. ee eee he ale P2be P14 | 157 1 69 


The last line shows the units of energy going into rotor 
loss for one complete cycle consisting of starting on 
high speed, changing to low speed, and applying a brake. 
If the mechanical brakes be applied and the winding 
disconnected before low-speed synchronism is reached, 
they will absorb a disproportionate amount of energy 
and the portions returned to the stator and lost in the 
rotor will be reduced. 


STATOR LOSSES 
So far, emphasis has been laid upon rotor loss and 
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little has been said concerning stator losses. The reason 
for this is that with a high-resistance rotor most of the 
Once the rotor loss is known 
for inertia loads the stator loss is not difficult to de- 
termine since 


Stator loss 


stator resistance 
Rotor loss 


rotor resistance 


where the rotor resistance is the value after being 
transformed to the stator. 

This relation holds true for any induction motor 
which has stator resistance and reactance low enough 
that the total currents in the rotor and stator are sub- 
stantially equal and opposite. This condition is true 
for the high-speed winding and also for low-speed 
windings providing their speed is not too low. The 
above expression shows the advantage to the stator 
of the high-resistance rotor in the matter of stator loss 
on inertia load. The rotor loss is constant no matter 
what the rotor or stator resistance or the manner of 
applying voltage to the machine terminals. A high- 
resistance rotor reduces the stator loss. It is evident 
that the insertion of resistance in the stator leads for 
purposes of control has no effect upon the relation 
given above. The only effect is to spread the change 
in speed out over a greater time and to incur additional 
losses in the control resistance. 

For those low-speed windings where stator resistances 
cause the performance to depart. from classical circle- 
diagram performance (roughly below 300 rev. per min. 
at 60 cycles) energy loss in low-speed stator winding 
can be easily determined by multiplying the power 
loss of the stator when running idle by the time the 
low speed is in operation during each cycle. This is 
possible because the low-speed current does not vary 
much over the range of speed involved. 

It is thus seen that with the exception noted above, 
the kinetic energy stored in the load is a measure of 
the heat developed in both the rotor and stator windings 
for inertia loads. 

As an example of the importance of the load imposed 
by starting and stopping in comparison with running, 
consider the case of a certain motor. It is a 6-1 speed 
ratio and when the rotor is up to speed it alone has 
15,200 ft.-lb. of kinetic energy. Couplings and brake 
drums revolving at the same speed will add possibly 
4000 ft.-lb. The cage, with load, and counterweights 
may add 5000 ft.-lb. more. The total kinetic energy 
is then 24,200 ft.-lb. Since this is a 6-1 motor the 
energy transformed into heat in the rotor for a single 
start and stop will be 

1.69 « 24,200 = 40,500 ft.-lb. 
With capacity load the rotor has an output of 27 hp. 
and the slip is 16.6 per cent. With this capacity load 
the motor must run 13.5 sec. on high speed to have an 
energy loss in the rotor equal to the loss from starting 
and stopping. At 450 ft. per min. this would mean 
seven floors of high-speed running; this would mean 
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nine floors between stops. When it is considered 
that with heavy loads frequent stopping is necessary 
it is evident that the starting and stopping develop 
most of the heat in the machine. Since the kinetic 
energy is a measure of the heat loss in the elevator 
motor, it is advantageous to keep the kinetic energy 
as low as possible in order to keep the motor tempera- 
ture down. Most of the kinetic energy is stored in the 
rotor of the motor and those parts of the elevator 
machine which are directly connected to the motor 
shaft. The energy storage in the more slowly moving 
parts and in the elevator cage and counterweight are 
seldom, if ever, greater than 20 per cent of the total, 
so the rotor and next adjacent parts store about 80 
per cent of the kinetic energy. 

Quite obviously, then, the rotor and associated parts 
should have the smallest moment of inertia possible 
consistent with good design. The rotor lamination 
should be stacked on a spider to eliminate the weight 
of lamination that would otherwise run to the shaft. 
The spider itself can be designed to make a not in- 
considerable saving in weight. Welded steel spiders 
which, in one case, weigh 43 lb. apiece displaced cast 
iron spiders which weighed 89 lb. apiece. The magnetic 
circuit and electrical circuits of the rotor should be 
worked at higher densities of flux and current than is 
permissible in continuous duty industrial motors in 
order to keep the mass of the rotor down to low values. 
In this connection, the elevator builder has his part to 
do in keeping down inertia losses. He should reduce 
as much as possible the weight of all moving parts 
particularly those working at the higher speeds. 

The problem of dissipating the heat evolved in the 
motor is accentuated by the fact that the ventilation is 
materially cut down owing to the accelerating and re- 
tarding features of the service which keep the average 
speed of the motor at less than one-half of the high 
speed. It is necessary, therefore, to provide special 
means for transferring the heat developed to the 
ventilating air. To this end the areas of all air passages 
through the machine should be four or five times greater 
than for standard motors. This has been made possible 
to large extent by using arc welded steel instead of 
cast iron for frames. Extra large blower paddles are 
provided on the rotor to increase the volume of air 
moved as well as to conduct the heat from the rotor 
to the air stream. Since most of the heat in the 
machine is developed in the high-resistance rotor it is 
important to abstract as much as possible from the 
rotor without requiring it to cross the air-gap and heat 
the stator. The stator is provided with ventilating 
fins which are in the path of the air issuing from the 
motor. The circumferential fin is set into the stator 
lamination and draws heat from deep in the lamina- 
tions. The cross fins span all the laminations and are 
are welded in place. See Fig. 1. 

The problem of heat dissipation increases rapidly 
with increase in diameter of the rotor. If we consider 
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comparative designs at the same speed and lamination 
length we find for the ordinary motor that to a first 
approximation the various constants vary with the 
diameter D as listed. 


Moment Starting and 
Torque Running loss of inertia stopping loss 
i ae Dt D+ 


The reason that the moment of inertia varies as the 
fourth power of the diameter is that the radial depth of 
the rotor lamination must vary as the diameter. This 
condition shows that as the diameters of elevator 
motors are increased in order to get more torque the 
heating problem due to inertia load gets rapidly more 
acute—and means for cooling the machine will become 
a constantly increasing problem. 

These motors hear a horsepower rating but this rating 
is an empirical expression only. The horsepower is 
generally calculated by assuming the motor to be run- 
ning at 90 per cent of synchronous speed and developing 
40 per cent of the starting torque. A more useful 
rating is the starting torque in foot-pounds as a torque 
calculation is more simple and direct than a power 
calculation. The starting torques available in stand- 
ard motors range from 10 to 2800 ft.-lb. with empirical 
horsepower ratings ranging from 1 to 150 hp. 


NOISE ELIMINATION 


Noise elimination is of paramount importance in 
elevator motors. The magnetic hum so characteristic 
of ordinary induction motors becomes an insidious 
nuisance in a location where people must live with it. 
Hotels, apartments, offices, and hospitals demand 
noiseless operation. The predominant cause of noise 
in induction motors is the existence of harmonies of 
both flux and current. Elementary induction motor 
theory assumes that there is a single sinusoidal field 
rotating at synchronous speed. It is, however, well 
known that if the actual distributions of conductors 
and currents are analyzed according to Fourier’s 
method the field is really composed of a multitude of 
harmonic fields rotating some forward and some back- 
ward. These fields are fairly well damped out by the 
rotor bars but the damping process requires harmonic 
currents in the rotor. The interaction of these currents 
and fields sets up periodic forces which in turn move 
the rods and teeth enough to produce noise. Pitch or 
coil span is known to have a vital connection with the 
production of harmonics and since the 5th and 7th 
tend to have the greatest magnitudes it is well to keep 
them as low as possible. This can be done by making 
the pitch or span equal to approximately 5/6 of a pole 
pitch. The number of slots per phase per pole is 
closely connected with the production of harmonics. 
Here again Fourier’s analysis shows considerable 
improvement in this regard of a motor having two slots 
per phase per pole over one having a single slot per 
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phase per pole. For this reason one should set two 
slots per phase per pole as the absolute minimum if one 
is to have a quiet motor. It is common in general 
-motor practise to use fractional number of slots per 
phase per pole. This is inadmissible in an elevator 
motor because the resulting dissymetry produces noise 
from the harmonics set up. 

The requirement of a minimum of 2 slots per pole 
per phase results in stators with a greater number of 


slots than is common for the ordinary induction motor 


of equivalent size. If we consider a 900-150 rev. per 
min. motor for three-phase and 60 cycles we see that the 
low speed has 48 poles. This means that the stator 
has 288 slots where the standard motor of the same size 
and of course of higher speed, has only 96 slots. 

Another persistent source of noise is in slot combina- 
tions as between rotor and stator. Every designer of 
induction motors has had noise troubles from this 
source which were corrected by changing the number 
of rotor bars. In this connection it was formerly the 
custom to select the number of rotor bars by some em- 
pirical rule but-of late this method has been partially 
displaced by a more rational and analytical process— 
having to do with the harmonics set up by the rotor 
bars. In spite of this advance into less empirical 
methods this field is by no means conquered and it 
offers a fertile field for further investigation and report. 


RoToR SKEW 


An interesting problem arose in connection with the 
skewing of the rotor rods. It is common practise 
among all manufacturers to skew rotors. This has two 
effects which it is desired to utilize. The first and most 
important is that with a properly skewed rotor there are 
no positions of the rotor where it tends to remain 
locked in position due to the variation in magnetic 
reluctance of the air-gap as the rotoris turned. This 
effect, sometimes known as “‘cogging’’, produces pulsa- 
tions in torque if allowed to become of too great mag- 
nitude by improper amount of skew. A second effect 
desired from rotor skew is to reduce noise resulting 
from the pulsating torque. Then a third effect forced 
itself into the problem of design. 

It happened that sometimes motors supposed to 6 
identical in every respect showed variations in starting 
torque much too large to be accounted for by the ordi- 
nary variations usually encountered in building induc- 
tion motors. This occurred for the most part on 48-pole 
windings. It was found to be due to the variations in 
skew of the rotor rods. As an example consider a 48- 
pole stator and a rotor with 90 skewed bars. The de- 
sign would probably call for a skew of one rotor slot 
pitch. Thisskew is 


48 x 180 deg. 
90 


The effect is the same as that due to the distribution of 
a phase group in the stator over a plurality of slots 


= 96 deg. (electrical) 
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except here the distribution is continuous instead of 
discontinuous as in the stator. To carry the comparison 
further -consider the voltages generated in the stator 
and skewed rotor by a sinusoidal rotating magnetic 
field. In the stator if there are two slots per phase per 
pole each phase voltage generated in the stator consists 
of two components separated by an angle which is 
30 deg. for three-phase and 45 deg. for two-phase. (See 
Fig. 4.) 


The distribution factor = 2 Ei, 
The distribution factor may be defined as the actual 
voltage generated divided by the voltage that would be 
generated if the winding were concentrated. 

In the case of skewed rotor rods it will be seen that 
each elementary length of rotor rod has an infinitesimal 
voltage generated in it which is out of phase with that 


b 


Fig. 4—VouTAGES IN STATOR AND SKEWED ROTOR 


a. Stator voltages, showing effect of distributing the winding in two 
slots per phase per pole. EE; = voltage in 4% of 1 phase. EF»: = phase 
voltage. This effect is similar to the effect got in the squirrel-cage ro- 
tor by skewing the rotor bars. 

‘b. Rotor voltages. With a skewed rotor bar the elemental lengths of the 
bars have infinitesimal voltages generated in them which are out of phase 
just the same as the voltages induced in adjacent slots of the stator are out 
of phase. The elemental vector voltages plotted end-on-end lie along the 
are of a circle. The sum is the chord. 


. a : 
E 2r Sin 2 2 Sin | 
SSO Wi faCCOles (=) ge ee = 
a=a ra a 
f de 
a =0 


generated in the next adjoining element. The voltage 
generated in the rod is the integrated voltage of these 
elementary lengths. Vectorially we have the elemen- 
tary voltages forming the arc of a circle and the sum is 
the chord. Hence, the voltage actually generated in a 
rotor rod is less than would be generated if the rod 
were without skew. 


actual voltage generated per rod 
voltage for unskewed rod 


The ratio might be 
called ‘‘skew factor.” 

It will be obvious that this ratio is independent of the 
slip and the result is that the torque is 

Torque with skew = S? x torque without skew 

since the torque is measured by the rotor input and the 
rotor input varies as the square of the rotor voltage at 
any particular slip. An alternative way of satisfying 
oneself of the square relation expressed above is to 
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consider that since the voltage induced in a skewed rod 
is S times the voltage for an unskewed rod the current 
for skewed and unskewed rods will be in the same ratio. 
Now the current flowing in a skewed rod placed in an 
unskewed magnetic field will have elemental torques 
out of phase in the same manner that the voltages were 
out of phase. Fig. 4 can be used to illustrate the 
integration of elementary torques. Hence, the factor 
S enters a second time. 

In Fig. 5 the skew factor S is plotted against skew in 
electrical degrees. The square of S is also plotted. 
When we refer to the latter curve we can see the im- 
portance not only of using this skew factor in our calcu- 
lations, but also the importance of keeping variations 
of skew in practical manufacture down to certain narrow 
limits. Asan example, suppose a rotor has 90 rods and 
is 20 in. in diameter. If it is operating in a 48-pole 
field with a skew of exactly one slot pitch we find the 
100 per cent skew to be 0.70 in., the skew angle is 96 
electrical degrees, and S? is 0.785. This means that 
the motor will deliver only 78.5 per cent of the torque 


0 40. 80. 120 160 200 240 280 
SKEW IN ELECTRICAL DEGREES 
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Fic. 5—Sxew Factor Piorrep AGAINST SKEW 


a 
360 Sin —>— 


2 
“Skew factor’ S = where @ is skew in electrical degrees 


wT a 


it would deliver if it were designed without skew. The 
effect of inaccurate skew can be shown in tabular form 


where “‘per cent skew’’ means the percentage of 1 slot 
skew. 


Percentskew Inches skew Skew angle S? 
80 per cent 0.56 77 deg. 0.82 
100 per cent 0.70 96 deg. 0.785 
120 per cent 0.84 115 deg. 0.71 


Thus, we see if the skew is held only approximately that 
the torque of the machine may vary by 


0.82 — 0.71. 
0.785 


This variation is too large to be neglected. 


= 14 per cent 


STATOR COPPER BALANCE 


In the case of a two-speed motor with two separate 
windings the question of the proper balance of copper 
section between the two windings is of utmost impor- 
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tance. If this is not carefully attended to it will be 
found that out on the job one winding will be running 
hot while the other is cool. It is obvious that the 
proper division of slot area between the two windings 
depends upon the duty cycle of the elevator and the 
relative service demanded from the two windings. 
A little calculation of the losses in the two windings will 
show that the minimum amount of heat will be evolved 
in the stator windings when the ratio of the copper cross- 
sections of the two windings is equal to the ratio of 


energy (not power) losses in the two windings. That is, 
A, - Qi 
A» ss Qo 


Where A and Q represent the cross-sectional area of 
copper in the slot and the energy losses respectively 
and the subscripts identify the winding with which the 
particular quantity is associated. 

While there are two stator windings there is euly one 
rotor winding and it is necessary to build this rotor 
winding so that it will have the correct resistance for 
both speeds. The losses in the rotor winding occur in 
two parts of the circuit—in the bars and in the end 


rings. The ratio of these losses is given by the 
expression 

Ring loss hi (222) ( D ) (42) K 
Bar loss P? Te) As a) 
Where P Number of poles 


N Number of rotor bars 

L Length of rotor bar 

D Mean diameter of end ring 

A, Cross-sectional area of the end ring 

A, Cross-sectional area of one bar 

' K_ Ratio of conductivities of material in bar and 

material in ring (Unity for bar and ring of 
same material) ” 

This expression shows that in a two-speed motor with 
a speed ratio of 6—1 the proportion of ring loss to bar 
loss on the low speed is 1/36 of its value on the high 
speed. 

In one such rotor theratio of ring loss to bar lossis 0.292 
for the high-speed condition. On the low speed this 
ratio falls to 0.008. In this case the ring loss is negligi- 
ble on low speed. It is then obvious in this case that 
the proper method of getting the desired rotor resistance 
on both speeds is to design the rods for low-speed opera- 
tion and design the rings to go with these rods for proper 
high-speed design. 


TRANSFORMER EFFECTS IN TWO-SPEED STATORS 


The design of the stator winding in a two-speed two- 
winding motor is subjected to limitations which are not 
present in a single winding motor because of the trans- 
former effects between the windings. When one wind- 
ing is in operation the revolving flux cuts the conductors 
of the other winding and sets up voltages in them. 
Great care must be taken that these induced trans- 
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former voltages do not set up parasitic currents in the 
idle winding and give trouble due to overheating and 
noise. In certain speed combinations, even though 
internal parasitic currents are eliminated, voltages 
appear at the terminals of the idle winding which may 
cause trouble with connected control apparatus. 

When one winding is operating it is obvious that 
every conductor in the idle winding has the same e. m. f. 
induced in it as is induced in a conductor of the operat- 
ing winding. The problem is to so connect each wind- 
ing that these e. m. fs. either cancel each other out or 
at least do not set up parasitic currents when the wind- 
ings are out of use and at the same time to so connect 
them that the operation will be proper when in use. 

A full account of the analysis necessary to cover the 
subject of elimination of harmful transformer effects 
is long enough to form a paper in itself so the present 
paper will limit itself to brief explanations of methods, 
followed by tabulated results which would be obtained 
by extensions of the methods. 


OF CIRCULATING CURRENTS IN THE 
HIGH-SPEED WINDING 


ELIMINATION 


We will first concern ourselves with transformer 
effects in the high-speed winding induced by operating 
the low-speed winding. 

Correction by High-Speed Coil Pitch. If the speed 
ratio is, for instance, 2 it is evident that if the high-speed 
coils are wound full pitch the two conductors forming 
a turn will have e. m. fs. induced in them 360 deg. 
apart and the turn e. m. f. will be zero. If the speed 
ratio is 3 the turn e. m. f. will be zero if the high-speed 
pitch is 2/3 or 4/3. We may generalize and say if the 
speed ratio is Z the e. m. f. per turn of the high speed 
will be zero if the 


4 6 
ae etc., where Z is 


always taken > 1 and may be fractional or integral. 


> 
high-speed pitch = “ae 


_ By using this pitch, the high-speed winding may then 


be connected any way desired without further thought 
to transformer effects in it. The designer, however, 
may not wish to use the coil pitch demanded by this 
type of correction because it may be a pitch conducive 
to noise from harmonics or it may be a pitch not 
physically attainable with the number of slots at his 
disposal. He must then accept turn voltages other 
than zero and expect to annul them in coil or group 
connections. 

Correction in the Phase Growp. In ease the induced 
voltage per turn is not zero, the voltage per coil will be 
the turn voltage multiplied by the number of turns. 
The coils which make up a phase group are equally 
distributed over 60 electrical deg. in an ordinary three- 
phase winding. When the low speed is operating this 
60 deg. is changed to 60 x Zdeg. This condition can 
be very simply shown by vectors in Fig. 6. The vectors 
A, B, and C represent the voltages induced in adjacent 
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high-speed coils of the same phase group when the high 
speed is operating. These coils are always connected 
in series so that the group voltage is the vectorial sum. 
When the low speed is operating the span that was 60 
deg. now becomes 60 deg. x Z because the electrical 
degrees between adjacent coils is Z times what it was 
before. This vectorial condition is shown in Fig. 7. 


ieee fa 


é 
s 


Fig. 6—Vottaces Inpucep In HicH-SpeeD WinpING WHEN 
HiGH-SPEED WINDING IS OPERATING 


In a three-phase high-speed winding the voltages A, B, C generated in 
the various slots of a phase group are spread over 60 electrical degrees 
only when the high speed is in operation. When the low speed is operating 
these vector voltages are spread over 60 X Z deg. 


It is obvious that for certain values of Z the vectors 
in a phase group will be equally distributed over 360 
deg. In the three-phase case this condition occurs 
when Z = 6, a common speed ratio for elevator motors. 
In this case the coil voltages in a group add up to zero 
and the groups may be connected in any desired manner 
without reference to transformer effects. By extension 
of this reasoning we may summarize on corrections in 
the phase group. 


Fie. 7—Vouraces InpucEeD IN HicH-SPEED WINDING WHEN 


Low-SPrEED WINDING IS OPERATING 


The vector voltages generated in a high-speed group are spread over 
60 X Z electrical degrees when the low speed is operating. The trans- 
former voltage in a high-speed group is then A + B+ C. Incase 60 deg. 
X Zisa multiple of 360 deg., A +B+C =O. 


Group voltages on the high speed will be zero for 
3 phase (60 deg. distribution) when Z = 6, 12, or any 
multiple of 6 
3 phase (120 deg. distribution) when Z = 3, 6, or any 
multiple of 3 
2 phase when Z = 2, 4, or any multiple of 2 
Correction by Growp Connections. There occur many 
cases in two speed-windings where neither the turn 
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voltage nor the group voltage can be made zero, the 
latter for those speed ratios which do not occur in the 
above table. In those cases where one has a group 
transformer voltage in the high-speed winding with 
low-speed operating one must be careful that any inter- 
nal parallel connections are not the seat of parasitic 
circulating currents due to these group voltages. 
Suppose one has a three-phase motor with four poles 


Fic. 8—Sraror ConnEcTED SERIES-PARALLEL WITH ADJACENT 
PoLes IN SERIES 


Note that adjacent poles are reversed 


on the high speed and 16 on the low speed in which the 
turn voltage has not been made zero by correction in 
coil pitch. There will then be transformer voltages in 
the 12-phase groups. Suppose the designer wishes to 
connect the four groups of a phase two series two paral- 
lel. There are two common ways of making this con- 
nection in single-speed motors—one is to connect the 
corresponding groups from adjacent poles in series and 
then parallel two such series of adjacent poles as in 
Fig. 8. The other method is to connect alternate poles 
in series and parallel the series of alternate poles as in 
Fig. 9. Itis to be noted that in the adjacent connection 
the even numbered poles are reversed in the series while 
in the alternate connection there is no reversal inside 
the series. While either of these series-parallel con- 
nections would be permissible in a single-speed winding, 
it will be seen that one is limited to the adjacent con- 
nection when considering the transformer effect from a 
16-pole field. Fig. 10 shows the arrangement of the four 
group voltages belonging to one phase when the high 
speed is operating while Fig. 11 shows the new array 
of vectors when the low-speed flux acts upon the high- 
speed winding. The angular distance between adjacent 
vectors has been increased from 180 deg. to 4 x 180 
deg. because 4 is the speed ratio. 

The adjacent connection gives 1—2 in series in one 
leg of the parallel connection with 3—4 in the other. 
Here we see that 1—2 has zero transformer voltage as 
has also 8—4. There will then be no trouble with 
circulating currents between the two legs of the parallel 
connection. On the other hand, the alternate connec- 
tion shows 1 + 8 paralleled with — 2— 4. The vector 
arrangement with transformer voltages is shown in 
Fig. 12. This connection causes all the transformer 
voltages to add up in phase around the local parallel 
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circuit and the circulating current will make the con- 
nection impossible. 

Extending this analysis a table is now given which 
shows the number of poles which must be in series to 
make transformer voltage zero in a series leg and thus 
eliminate circulating currents in the high-speed winding 
with the low-speed operating. 


TABLE II 
Adjacent Alternate 

YA, connection connection 
2.4; \6;/CtCaea. she 2 Impossible | Number of poles in series 
3/2, 5/2, 7/2 etc. . 4 2 must be a multiple of 
4/3, 8/3, 10/3 etc. 6 3 number shown to elimi- 
5/3, 7/3, 11/3 etc. 3 3 nate transformer volt- 
5/4, 7/4, 9/4 etc. . 8 4 ages in series leg of 
6/5, 8/5, 12/5 etc. 10 5 parallel connection. 
7/5, 9/5, 11/5 ete. 5 5 


It will be noted that the foregoing tabulation does not 
contain any speed ratios where Z is an odd number. 
The reason for this is that if the speed ratio is an odd 
number, it is impossible to connect the series circuits so 
that the voltage in a series leg is zero. It will be found, 
however, that with odd speed ratios the coils in the high- 
speed winding may be connected in any standard man- 
ner because it will always occur that the transformer 
voltage in one leg of a parallel connection is equal to the 
transformer voltage in the other leg (or legs) of that 
same phase and thus no circulating current will flow. 
(See Fig. 13.) This does mean, however, that there is a 
transformer voltage generated in each phase which 
voltage appears at the terminals of the machine. This 
fact may have a vital bearing on the type of control 
used with the motor. 


ELIMINATION OF CIRCULATING CURRENTS IN LOW- 
SPEED WINDING 


A little thought will show that it is impossible to 


Fic. 9—Sraror ConNEcTED SERIES-PARALLEL WITH 
ALTERNATE POLES IN SERIES 


annul the transformer voltage in the low-speed winding 
by the first two devices used in the high-speed winding, 
that is, by choosing a particular coil pitch or by having 
the voltages in a group add to zero. The only recourse 
in eliminating trouble in the low-speed winding is to 
make sure that circulating currents cannot occur in any 
parallels by so connecting the proper poles in series that 


ee a 
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the transformer voltage of a series leg is made zero just 
as was done in the high-speed winding. The following 
table will show the proper number of poles to be con- 
nected in series to obtain zero leg voltage for the various 
speed ratios and the two commonest type of connection, 
that is, adjacent poles in series and alternate poles in 
series. 


TABLE III 
Adjacent Alternate 
7, connection connection 
OP tele cere cele a. 5 4 2 Number of poles in series 
SOO ene oes ne eae 3 3 must be a multiple of 
a ee ereh erates eots 6 3 number shown to elimi- 
BAYS cecctsteies 3°o « 8 4 nate transformer  vol- 
By OfDs.2 vee eee ce 5 5 tages in series leg of 
PSC ARN WE aves og a 10 5 parallel connection. 
SOLD. bx soe st 12 6 
COS CBW i ES ks ‘ 
CHEER et AA eee 14 vf 
Tand3 
1,2,3and4 
3 -2 
l 4 
2and4 
Fig. 10 Fig. 11 Fig. 12 Fie. 13 


Fig. 10—Grovur Votraces IN Hicu-Sprep WINDING WHEN 
Higu-Sprep WINDING IS OPERATING 


These are the four group voltage in one-phase of a four-pole stator. The 
distance between successive voltages is 180 electrical degrees. 


Fie. 11—Grour Voitaces in Hicu-Sprep WINDING WHEN 
Low-SrrED WINDING IS OPERATING 


When the high-speed winding of Fig. 10 is subjected to the low-speed 
field of 16 poles the successive polar voltages are 4 X 180 deg. apart because 
4 is the speed ratio 


Fig. 12—Locau Crrcurating Currents Set Up in Hicu- 
Sprmep Winpina Wirn SERIES-PARALLEL CONNECTION 
These currents are induced by transformer effects from the low-speed 

winding 
Fic. 13—TRansrorMER Voutaces Set Up 1n Hicu-Sprep 
WINDING WHEN THE SrrED Ratio 1s AN Opp INTEGER 


No circulating currents can occur but induced transformer voltages do 
appear at the terminals of the high-speed winding 


As an example of the use of these tables, suppose it is 
wished to build a 3-phase motor with synchronous 
speeds of 900 and 225 rev. permin. Thisisa4-— ratio. 
There will be 8 and 32 poles. If there are 192 slots 
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there will be 24 slots per pole on the high speed and 6 
on the low speed. 

Transformer voltage in the high speed may be elimi- 
nated at the start by making the pitch P = Z/4 which 
in this case is P = 1 since Z= 4. But, it may not be 
desired to wind this high speed with full pitch due to 
harmonics or due to the fact that the designer desires a 
shorter pitch to obtain the proper flux density. He 
will then have transformer voltages in thecoils. Hewill 
also have transformer voltages in the groups and the 
question remains how to connect the groups to obtain 
zero leg voltage. Table II shows that if he connects 
adjacent poles in series only two poles to a series leg are 
needed although any multiple of two may be used. He 
may then connect the high-speed groups 


2 series 4 parallel 
4 series 2 parallel 
8 series 


He also sees that no parallel connection is possible if he 
connects alternate groups in series. 

Turning now to the low-speed winding, he sees the 
limitations from Table III. This table tells that circu- 
lating currents in parallels will be eliminated if he has 
multiples of eight poles in series with the adjacent 
connection and multiples of four poles in series with 
the alternate connection. We may then connect the 
32 poles as follows: 


Adjacent Connection Alternate Connection 


8 series 4 parallel 4 series 8 parallel 
16 series 2 parallel 8 series 4 parallel 
32 series 16 series 2 parallel 

32 series 
CONCLUSION 


The growing demand for and use of a-c. elevators is 
natural since d-c. is more expensive to produce and 
distribute than a-c. In case a-c. only is avail- 
able in a given locality it is necessary to install 
conversion apparatus in addition to the elevators in 
order to operate d-c. elevators. There is every indica- 
tion that the use of a-c. elevators is in its infancy. As 
the use is extended the design problems and their solu- - 
tions which are the subject of this paper will represent, 
it is hoped, a substantial start in the more economical 
use of electric power and invested capital in this partic- 
ular field. 


Electric Welding of Pipe Lines 


BY J. D. WRIGHT! 


Associate, A. I. E. E. 


Synopsis.—This paper outlines the process of manufacture of 
steel pipe from flat rolled steel plates by automatic metallic arc 
welding. Data are given showing the physical and chemical 


HE economies which have been effected in many 
manufacturing operations during the past few 
years by the adoption of electric are welding for 

manufacturing as well as for tool repair have been so 
outstanding as to command the attention of all 
industries. 

In many cases, the reduction in cost has been ac- 
companied by a distinct improvement in quality, so 
that in these days of increasingly keen competition, no 
manufacturer.marketing a product in which fabricated 
metal parts are, or might be used, should fail to make a 
thorough study of the possibilities of electric welding. 

One of the newer applications of automatic arc 
welding is in the fabrication of pipe from flat rolled 
steel plates. It is particularly applicable to the larger 
sizes of steel pipe which heretofore have been made 
either by riveting, by the lock-bar process, or by the 
hammer weld process. The interest aroused by several 
successful installations of lines of pipe fabricated by the 
electric arc welding process has been very widespread, 
and it is the purpose of this paper to discuss the present 
state of the art as exemplified by a recent installation. 

The example selected is the process employed for 
fabricating the pipe for a line approximately eight miles 
long, to convey water from the Provin Mountain 
Reservoir to the City of Springfield, Massachusetts. 
From the reservoir to the west bank of the Connecticut 
River, a single line of 54-in. and 48-in. diameter pipe 
is used. Two lines of 36-in. diameter each are laid 
under the Connecticut River, and from its east bank a 
single line of 48-in. and 42-in. pipe connects with the 
present distribution system of the City of Springfield. 
The thickness of the plate used in the pipe varies from 
5/16 to 1/2 in. 


TESTS OF WELDED JOINTS 
Before bids on welded pipe were submitted, tests were 
made to determine the strength of the welded joint and 
a definite procedure was worked out to insure 
thoroughly reliable and uniform results. 


The plates used for the tests were of fire-box steel 
with tensile strength between the limits of 52,000 and 
62,000 Ib. per sq. in., as specified by the Engineer of 
the Board of Water Commissioners. The following 
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analysis of the plate, the weld, and the welding wire, as well as the 


speed of welding and electrode and power consumption. 
E x) Leek: Ce, Se 


shows typical analysis and physical properties of the 


plate steel: 

Carbon...... 0.20 percent Yield point— 35,450 Ib. per sq. in. 
Manganese... 0.40 Tensile strength 57,500 Ib. per sq. in. 
Phosphorus .. 0.015 Per cent elongation 31.5 

Sulphur...... 0.029 Percentreductionof 56.3 


area 


Sections 3 in. wide by 48 in. long were sheared from 
Y-in. plate, and the sections beveled on one 48-in. side 
as shown by Fig. 1. Two sections were then welded 
together using the multiple are process. This will be 
described in greater detail later. Two beads were 
deposited, the first with 3/16 in. G. E. type “F” 
welding electrode using 300/320 amperes at an arc 
voltage of 18/22, and the second with 3/16 in. G. E. 
type ““B” electrode using 320/360 amperes and 18/22 


Fic. 1—Drmensions oF BEVEL FoR WELDING )4-IN. PLATES 


volts. The welding was done at a speed of approxi- 
mately 414 in. per minute. 

The following table shows chemical analysis of the 
two welding electrodes: 


G. E. type “B” G. E. type “F” 


Carbone. 24.0.0 cent eee 0.10 max 0.13/0.18 
Manganese. ...2232 5 25 3 ee els ae 0.25/0.45 0.40/0.60 
Sulphur. 3-2, ses eo eae 0.045 max 0.03 max. 
Phosphorus.222. «crc atelnmet ners 0.03 max 0.45 max. 
Silidons. C4005 oe ae eee Trace Trace 


Type “F”’ is a solid wire to which a special treatment 
is given to insure a uniform flowing quality. Type 
“‘B” has a center metallic core surrounded by a layer of 
flux, the whole being incased in a metallic sheath. 

The welded plates were cut into strips 144 in. wide 
and tested for tensile strength in a standard testing 
machine. The following results are typical of many 
specimens: 
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Tensile strength 
. Specimen 


Ib. per sq. in. Failure 
I 56,700 Weld 
2 61,700 Weld 
3 60,200 Steel 
4 61,870 Steel 
5 55,700 Weld 
6 60,600 Steel 


Other specimens were subjected to various bend tests 
to check the ductility of the weld. 

Fig. 2 shows very clearly the metal deposited by the 
first and second arcs and the zone in the plate stock into 


2—Derpiy Ercuep Section or MuutipLe Arc WELDED 
Y-1n. PLATE 


Fig. 


which the heat of the weld has penetrated. Photo- 
micrographic studies of the grain structure of the steel 
in the weld and adjoining plate show total lack of a 


Fie. 3—36-rr. PLatse Puaner WitH Two Puatss IN PosITION 


For Macuininec Brevet on 30-F'r. SipE 


definite line marking the transition from the weld to the 
plate, and no evidence whatever of any injury to the 
plate, owing to heat of the weld. 


~MANUFACTURE OF PIPE 
The pipe for the Springfield water line is made in 
80-ft. lengths from two 30-ft. plates which are bent 
into half circles and automatically are welded together. 
Some consideration was given to welding of the cir- 
cumferential joints in the field, but because of consider- 
able opposition, it was decided not to do this on this 
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particular job, and the 30-ft. sections are riveted to- 
gether. To provide for this the plates are sheared so 
that the pipe diameter increases slightly from one end 
to the other, thereby permitting the small end of one 
section to fit into the large end of the next section an 
amount required for the riveted joint. 
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Fie. 4—36-Fr. Benpine Rous Formine 30-Ft. Har Section 


or 48-In. Pier 


The first operation in the manufacture of the pipe 
after the flat plates have been sheared to size is to bevel 
the sides accurately as shown in Fig. 1. This is done 
simultaneously on two plates on the plate planer shown 
in Fig. 3. On each plate, two lines are then scribed, 
each parallel to the upper edge of the bevel and 34 in. 
from it. 

The plate is then taken to the bending rolls, (Fig. 
4), and by means of a special jig, the two 30-ft. edges are 
bent to the proper radius. The whole plate is then 
formed into a true half circle. Next the two halves of 
the pipe are placed in a specially designed frame, 
(Fig. 5), and tack welded together approximately every 


Fic. 5—FRAMES OF SPECIAL DesiGN Support THE Two 
30-Fr. Hatr Sections or 48-In. Preps Wuen Brina Tack 
WELDED By Hanp From THE INSIDE 


16 in. on the inside by hand. After the raised portions 
of the beads are removed by grinding, the pipe is placed 
in the automatic welding machine, (Fig. 6). 

PIPE WELDING MACHINE 


The pipe welding machine consists essentially of 
three horizontal beams, two above and one below. 
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Enclosed in the lower beam and extending throughout 
its full length are several sections of fire hose to which 
compressed air can be admitted. On the hose rests a 
series of plungers which in turn supports a “‘backing- 
bar,” the latter being fitted with a flat copper chill bar 
approximately two inches wide. Application of com- 


pressed air causes the hose to expand, thereby raising 
the plungers, and the copper strip in the backing-bar is 


ei li 1 
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Fic. 6—Enp View or 36-Fr. Pierre Weupine MacuINne 
SHowineG 30-F'r. Section or 48-In. Pipe Reapy ror AUTOMATIC 
Arc WELDING oF LONGITUDINAL SEAM 


pushed up against the under side of the joint at a 
pressure of 200 lb. or more per running inch. The 
backing-bar is also provided with an insulated conduc- 
tor which forms part of the return circuit for the welding 
current. By shunting the proper amount of current 
through this bar when the pipe is being welded, the 


Fig. 7—36-Fr. Pirpr Wexipinc Macutne SHowina Two 
TRAVEL CarriacGes Each Wits Two We.pinc HEADS FOR 
AUTOMATIC WELDING OF Pier By Muutipte Arc Process 


magnetic disturbances of the arc can be very effectively 
controlled. 

To the lower side of the upper beams of the machine 
are attached two copper jaws spaced approximately 
two inches apart and the pipe is placed in the machine 
so that the joint to be welded is located centrally 
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between these two copper jaws and directly over the 
copper strip in the backing-bar. 

The multiple are welding process previously men- 
tioned employs two arcs, one following about eight 
inches behind the other. The two automatic welding 
heads, used to feed the wire, are mounted on a single 
motor driven adjustable speed travel carriage, (Fig. 7), 
which moves the heads along the work at the proper 
welding speed. 

When work was first started on the manufacture of 
the pipe for the Springfield line, only one travel carriage 
with two welding heads was used. This carriage, of 
course, traveled the full length of each 30-ft. seam. A 
little later, a second travel carriage with two more heads 
was added. Welding was then carried on simultane- 
ously with four ares, one carriage starting at one end 
and the other at about the middle of the seam. This 
reduced the welding time per pipe by about 50 per cent. 
It is expected that a third carriage with two more heads 
will soon be added, each pair then welding about one- 


Fig. 8—48-In. Prez, 30 Ft. Lone Fasricatep From Two 
Y-In. Puates By Avutromatic Arc WE8LDING UNDERGOING 
Hyprostatic Pressure Trst or 240 Ls. 


third the total pipe length with corresponding reduction 
in welding time. 

After one seam is completely welded, the pneumatic 
clamp is released and the pipe is rotated to bring the 
second joint into position for welding. 


SPEED OF WELDING; ELECTRODE AND POWER 
CONSUMPTION 

The speed of welding attained by the multiple are 
process with two welding heads on 1-in. plate is 
about 221% ft. per hour. Using approximately 380 
amperes on the first are and 330 amperes on the second, 
the total consumption of 3/16-in. electrode is from 
0.8 to 0.85 lb. per foot of weld. These welding currents 
are somewhat different from those used when the test 
plates were welded, but were found to give better 
results on the joint between the two sections of pipe. 
Current for each pair of welding heads is obtained from 
a 1000-ampere 1-hr. rated constant potential welding 
The power 
consumed is approximately 2.15 kw-hr. per foot of weld 
on 14-in. thick plate. 
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INSPECTION AND TESTS OF WELDS 

At the request of the inspector, test plates having a 
bevel as specified for the pipe joints are placed in the 
machine and welded under the same conditions as the 
pipe itself. These plates are then cut into specimens 
and tested. 

The extent to which the weld is reinforced, that is, 
its height above the surface of the plate, is usually from 


Fic. 9—30 Fr. Section or 48-In. Pipe ABoUT TO BE 
LOWERED INTO ELEcTRICALLY HraTED VERTICAL DIPPING 
TANK TO RECEIVE Protective CoaTine or Coat Tar PircH 
VARNISH 


1/16 to 1/8 in. The minimum and maximum values 
permitted by good practise are 1/32 and 3/16 in. 
respectively. The weld bead must not be less than 
5/8 in. nor more than 1 in. in width and must also be 
central within 1/16 in. between the lines scribed on the 


Fic. 10—Layine or Sree, Pirz Line ror SPRINGFIELD, 
Mass., Water Suppty. 30-Fr. LoneirupinaL JOINTS ARE 
AvromaticaLLy Arc WELDED. CIRCUMFERENTIAL JOINTS 
MaDE IN THE FIELD ARE RIVETED 


plate each side of the joint. Any holes which are 
seen on the top surface of the deposited metal are 
carefully chipped and if they extend below the surface 
of the plate, the spot is rewelded by hand. The edges 
of the bead are also examined to see that the weld 
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metal is thoroughly fused along the top of the plate. 
Any cracks or hollow spots. are chipped and rewelded 
by hand. 

To determine the amount of penetration, the under 
side of the welded joint is carefully examined. It is 
necessary that the metal be so thoroughly fused that 
no crack can be seen between the edges of the plate. 

After the welded pipe has been given a careful visual 
inspection and any defects rewelded, it is placed in the 
testing machine, (Fig. 8), and subjected to the following 
hydrostatic pressures in pounds per square inch: 


Thickness of pipe in inches......... 5/16" 3/82 F/G paly2 
GG-in sii pesas.. see coc ie eer iew ee ai) 160 As o 

MAE DIPS nae tet Cube ac laleydbaias aie 135. 160 BASa2io 
AS <1 s DID GG uses roe Staal koe aie oke : ae 210 240 
SEANA DIPS athe Sec as oA eke Sees Be 320 


DIPPING AND LAYING THE PIPE 


The rivet holes are then punched in each end of the 
pipe after which it is thoroughly cleaned and dipped 
vertically in an electrically heated tank of coal tar 
pitch varnish, (Fig. 9). The pipe is submerged in the 
bath long enough to heat the metal uniformly to the 
temperature of the bath. It is then removed and 
suspended in a vertical position until the coating has 
drained and set. 

The pipe is then ready for transporting to the field and 
laying in the trench, (Fig. 10). After the pipes have 
been properly placed and connected by temporarily 
bolting, the circumferential joints are riveted and 
caulked. The middle portion of each length of pipe 
is then backfilled but the field joints are left exposed until 
the line has been tested for tightness. 


CONCLUSION 
At the time this paper was written, approximately 


three miles of pipe had been delivered to the field, and 


its installation in the trench was progressing rapidly. 

The advantages gained by the electric welding of 
pipe as compared with other methods of manufacture 
are a very substantial reduction in cost and a superior 
finished product. The reduction in cost is secured not 
alone by the decreased weight of steel required but 
also by a reduction in the cost of the actual work of 
fabricating the pipe. 

Owing to the smooth interior of the welded pipe as 
compared with the riveted pipe, the resistance to flow 
is decreased. The circumferential joints are made more 
easily with welded pipe because of uniform wall thick- 
ness whereas with riveted pipe the wall is of double 
thickness at the riveted joint. The joining of the ends 
of pipe made by the lock bar process is rendered difficult 
owing to the presence of the bar. 

Are welded pipe is also invading the field of lap 
welded pipe produced by the lap weld mills because of 
the fact that the thickness of the wall of the latter is 
fixed and often times the pressures are such that much 
lighter arc welded pipe can be used with consequent 
reduction in the cost of the line. 
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Discussion 


J. F. Lincoln: Mr. Wright’s paper is extremely interesting 
because it brings out a second successful method for doing this 
sort of work by the electric are. 

The outstanding example of pipe welding up to this time is the 
Mokelumne -River line, 90 mi. in length and containing 78,000 
tons of steel. This line has been completed now for some months. 
This was done with the carbon-are process instead of the metallic- 
are process as is the case in this smaller line described by Mr. 
Wright. 

It is interesting to compare the results as actually obtained 
in the Mokelumne River line and that described by Mr. Wright. 
The steel used in both eases was identical—the tests made of the 
specimens would show approximately the same results. 

The welding speed per arc is slightly higher in the case of the 
Mokelumne River line by not more than 20 per cent. The 
cost of doing the welding is somewhat less in the case of the 
Mokelumne River line because of higher speed, because of 
cheaper filling material, and because of less power used. 

In the case of the Mokelumne River line the hydrostatic tests 
were approximately 60 per cent higher than in the case of the 
line described. There was also added, in the case of the Mo- 
kelumne River line, a hammer test which is much more severe 
than the hydrostatic test. This hammer test was applied with a 
tensile stress on the metal itself in excess of 22,500 lb., and an 
ultimate test running up to a maximum of 28,000 Ib., the tensile 
test in this case being nearly double that used in the line 
described. 

There has been a good deal of progress made in the applica- 
tion of carbon-are welding since the manufacture of the Mo- 
kelumne River line. Since that time the new development of 
the ‘electronic tornado’’ has more than doubled speeds, has 
eliminated practically all tendency to porosity which heretofore 
was present in all eases on both the carbon and metallic electrode 
welding of thick plate, and it has practically eliminated any 
necessity for repairing. Welding speeds of a single head in ex- 
cess of one foot per minute on half-inch plate, and with double 
heads welding speeds of double that, have been obtained. The 
welds can be bent flat on themselves without rupture and the 
ductility of the weld metal is fully as great as the ductility of 
the plate itself. 

I think it is safe to say that as far as the welding is concerned 
in the manufacture of pipe, all necessary development has been 
done. There is still much to be desired in the planing, crimping, 
rolling, and assembly of the plates before welding, which progress 
will enormously reduce manufacturing costs. 

At the present time it probably is true that the cost of welding 
of the pipe itself is less than 1 per cent of the total cost of the 
pipe, so that any further progress in welding cost reduction is 
of little moment compared to the cost reduction possible in the 
operations other than welding. 

J. C. Lincoln: The pipe described in Mr. Wright’s paper 
has one end larger than the other so the small end will teleseope 
into the larger end and the ends are riveted as deseribed in the 
paper. I imagine the inside ends are probably flat-riveted so as 
to decrease the eddy that would result from the ordinary round- 
head rivet. 

In any case there will be a very considerable eddy at the 
joint. The metal is 3g or 4 in. thick and all around the pipe 
there is bound to be an eddy. Mr. Day of the United States 
Reclamation Service was telling of difficulty which he experi- 
enced where eddies were encountered in pipe, and Mr. Imlay 
of the Niagara Falls Power Company says they have had the 
same difficulty at Niagara Falls. Where there is a severe eddy, 
apparently a chemical action takes place, eating out the pipe at 
that point. In the ease Mr. Day described to me, a cast-iron 
pipe 2 in. thick is corroded so that it has to be replaced or re- 
paired in the very near future. 
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Mr. Imlay said that on their wheels at Niagara Falls repairs 
of the same sort had to be made as one of the regular upkeep 
operations. 

It seems to me that is a possible criticism of this method of 
joining pipe though that has nothing to do with Mr. Wright's 
paper. It won’t be very long, I think, before pipe will be 
joined, not by riveting, but by welding, and if the pipe is joined 
by welding there will be no special trouble in making a butt weld 
in which the ends of the pipe will be beveled and so welded as 
to leave the inside of the pipe smooth and thus avoid this eddy. 

R. E. Barnard: I am chief engineer of the Hardesty Man- 
ufacturing Company of Denver, manufacturing electric-arc- 
welded pipe. The particular defect in riveted pipe called to 
your attention by Mr. Lincoln constituted the main reason for 
our making electric-welded pipe instead of riveted. In order 
to eliminate erosive action at the joint we have for several 
years made a special type of slip-joint pipe in which a collar 
is electrically welded to one end of a constant-diameter tube 
and this collar forms the bell into which the spigot end of the 
abutting section is driven. The result is a smooth interior 
pipe of the slip-joint type and eliminates the particular destruc- 
tive action to which reference has been made. We have just 
completed near Yoder, Wyoming, an electric-arc-welded line 
entirely field-welded. It is 72 in. in diameter, 14 in. thick, and 
made with field joints butt-welded. The plates were 6 ft. long, 
and the field sections 12 ft. long. 

The line is about 900 ft. long and has two elbows in the vertical 
plane, each of about seven degrees deflection. The only expan- 
sion joints in the line are at the ends where special transition 
sections are imbedded in the inlet and outlet. 

This 72-in. pipe is made by very nearly the same process as 
described in the paper, except that the plate edges are not 
beveled. The quarter-inch plate, not beveled, is fused through 
with the Lincoln type of machine without difficulty. For 
making the longitudinal seam we use the automatically controlled 
and driven Lincoln are operating over a clamp similar to the one 
shown in the paper, only not so large. Circumferential seams 
are automatically welded by the General Electric metallic are 
welder operating over a revolving clamp. All shop welding is 
automatically done and the field joints made by hand acetylene- 
gas welding. 

H. J. Lawson: We have had considerable experience on the 
Salt River project with welding on repairs of the electrical 


machinery and other machinery used in the maintenance of the : 


power system and the irrigation system. Especially we have 
had considerable experience in repairing runners and water wheels 
on which there was pitting and erosion. Bronze runners are 
very easily repaired in that manner. 

We took one runner out of a 7500-hp. wheel. It was pitted 
only slightly but we took it out because one vane in the runner 
was thin. Jt must have come from the factory that way origi- 
nally. It has been in operation about 14 years before there 
Was any necessify of thickening the vane. We took out the 
wheel and built up that particular vane from less than 4 in. 
thick to 3¢ in. and made a successful job of it. While doing that 
we filled up the pitted places on the back side of the vanes. 
We also built up by welding, the outside periphery of the wheel 
where the water wear had taken place, and turned it down to 
proper size. It was then carefully balanced, after which it 
was practically as good as a new runner. 

In repairs of heavy equipment, excavating machines, ete., 
where there is excessive wear on steel pins and bearings, espe- 
cially pins that are quite heavy and expensive, we found that 
welding saves money and gets the job done quickly. 

We also have had considerable experience in welding the shafts 
of turbines where they have cut and grooved within the stuffing 
boxes. In every case where we repaired them in that manner 
we have had no further trouble from the part that was welded. 
The welding has all been done by electric are. 
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C. M. Day: The particular problem of the Bureau of Rec- 
lamation relates to cavitation in cast-iron pipes through which 
water is discharged under high heads, and at high velocities, 
from reservoirs. At Arrowrock Dam, on the Boise Project, 
Idaho, we have 20 58-in. balanced valves mounted on the up- 
stream face of the dam, with 54-in. cast-iron pipes embedded in 
the conerete dam, and the discharge from each valve may be 
800 cu. ft. per sec., resulting in a velocity of 50 ft. per sec. 

The jet of water, immediately below the valve, is smaller than 
the pipe, but as the pipe is completely filled within a short 
distance, and the water velocity is high, a vacuum exists in the 
unfilled space, which seems to induce a chemical action, perhaps 
oxidation, which destroys the metal in the cast-iron conduit. 
This cannot be erosion as the water is not in contact with the 
metal. These valves and conduits have been installed about 
13 years, and at the top and bottom of the pipes, where the shell 
is 2 in. thick, the metal has almost disappeared in places. 

Our problem is to restore the pipes to practically their original 
condition. We have tried cement grout and lead, but it will 
not last throughout one season, and are welding seems to be the 
only solution. It seems impractical to remove all of the existing 
metal throughout the affected area by chipping it out, but it is 
expected to chisel out at least enough to leave perhaps 50 per 
cent of the area with clean metal. It is expected that each 
conduit will require at least 400 lb. of new metal, half of which 
must be deposited overhead. 

It has been suggested that copper or bronze, which resists 
cavitation much better than steel, be used, but to date we have 
not found anyone who ean successfully deposit these metals in a 
proper manner. 

In a similar valve installation at Pathfinder Dam, where the 
conduits below the valves were lined with 3%-in. steel plates, 
with the rivets countersunk on the inside, any rivet head that 
projected even 1/16-in. caused this cavitation along the surface 
of the pipe for at least 8-in. below the rivet, where the vacuum 
would be caused by the exceedingly high velocity of the water, 
and in this area the pipe shell would be gradually eaten through 
This action was so rapid and serious that after two or three 
seasons’ use it was necessary to remove the plate-steel linings, 
and line the conduits with rich concrete grout, with 24 1.5-in. 
air-vent pipes embedded in the concrete lining, extending to the 
point where cavitation existed, to break the vacuum. This 
method seems to have solved the problem at Pathfinder Dam. 

At Arrowrock Dam I'am confronted with a large repair prob- 
lem, and will be very grateful for any suggestions as to how to 
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overcome the trouble and replace the lost metal with new metal 
that will make a satisfactory bond. 

J. D. Wright: I should like to inquire why Mr. Day feels 
that this is a chemical action in what he describes as a vacuum. 
It would seem to me as though it would be an erosive action 
at the place where the water enters the cast-iron pipe. I don’t 
see how it can be a chemical action in the vacuum. 

C. M. Day: I have never seen a complete explanation. In 
the first place, where cavitation exists the water is at no time in 
contact with the metal, and’ for this reason it has always been 
assumed that the action must be chemical. Because of the 
conditions of installation it has been impossible to get close enough 
to make an investigation. 

H.J. Lawson: At the Roosevelt Dam we have had the same 
trouble, that is, the pitting of the water wheels. It is commonly 
known that in a partial vacuum oxidation occurs very rapidly 
and that this action is simply an oxidation or very rapid rusting. 

J. H. McCabe: Has there been any development in electric 
welding of airplane fuselage where they use drawn-steel tubing 
about 18 or 20 gage? A plant in Colorado Springs is using that 
type of construction and we have never been able to convince 
them that the electric are welding may be used satisfactorily. 
They employ gas welding. 

J. D. Wright: I understand that there is a concern on the 
West Coast, the Boehing Air Transport Company, which is us- 
ing the metallic welding process in the manufacture of airplane 
fuselage. 

Ordinarily a thin-gage metal is difficult to weld if it is not 
properly backed up but a skillful operator, with low welding 
currents, might be able to do it. Whether or not the Boehing 
Company does it I can’t say. 

On that gage the current might be from 25 amperes to 75 
amperes. 

J. C. Lincoln: I might give a little experience that was 
recited to me by Mr. Imlay of the Niagara Falls Power Com- 


_ pany. He said that in their plant they had a situation where the 


pipe was pitting and a hole developed inside the pipe. They 
drilled the hole out and inserted a lead plug. Subsequently 
the steel has been eroded all around the lead plug though the 
plug has not been worn away. ; 

This seems to demonstrate quite completely that this is 
chemical and not mechanical action. You would expect a lead 
plug to be eroded much more rapidly than steel pipe under 
mechanical: action. ; 


Utilization of Lodgepole Pine Timber for Poles 


BY R. W. LINDSAY} 


Associate, A. I. E. E. 


Synopsis.—With an ever increasing demand for poles used 
in the construction of power and communication lines, new sources of 
supply must be developed from time to time. Along the Rocky 
Mountain Range are found large stands of various species of timber 
suitable for the production of poles and so far not utilized to any 


appreciable extent. This paper outlines briefly the selection of 
lodgepole pine timber for this purpose, relates the past experience 
with such poles used in certain test lines, and describes in general the 


production and preservative treatment of the poles. 
aS te Pe Ae 


INTRODUCTION 


URING recent years the demand for poles to be 
used in constructing telephone, telegraph, signal, 
light, and power lines has increased rapidly. In 

the eastern part of the United States the cedar stands of 
Maine have been largely depleted of timber of sufficient 
size to produce long and large sized poles, and the 
northern white cedar stands of the Great Lakes region 
are facing the same situation. Although the blight of 
the chestnut timber in the Appalachian region has 
somewhat stimulated the current production of chestnut 
poles, a large curtailment of the future supply of these 
poles is inevitable. In all pole producing areas, includ- 
ing the enormous stands of red cedar timber throughout 
the western coast regions and in thesouthern pine stands 
of the South, the hauls are becoming longer, and the 
charges for stumpage are likely to increase from time 
to time. 

In the face of these conditions, and looking into the 
future, it has been felt that sooner or later it would be 
necessary to develop a satisfactory substitute for 
wooden poles or that new sources of supply must be 
found. To date, substitutes for wooden poles have not 
been found to be altogether satisfactory or economical, 
and it is therefore logical for companies serving the 
public in sparsely settled territory, necessitating heavy 
expenditures for pole plant, to look for new sources of 
pole supply, not only for present consumption but to 
protect their growing demands of the future. 

It has been known for a long time that the Rocky 
Mountain Range, from New Mexico in the South to 
Montana in the North, is covered with timber of the 
proper size to make poles, the principal species available 
being lodgepole pine, Engelmann spruce, western yellow 
pine, and Douglas fir. There are various reasons why 
this timber has not thus far produced many poles, but 
the chief reason is probably the fact that when these 
species, with the exception of Douglas fir, are placed in 
the ground they do not resist the attack of fungi to any 
great extent. Therefore, it has been recognized that 
unless a satisfactory treatment could be developed to 
protect the wood from the infection of fungi, the vast 
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amount of pole timber close at hand could not be 
economically utilized. 

In 1923 an investigation was undertaken by the 
Mountain States Telephone and Telegraph Company 
to determine (1) whether or not satisfactory poles could 
be obtained from the native timber, and (2) whether 
or not a reliable preservative method could be developed 
to protect the poles after being placed in the ground. 
In order to decide whether or not satisfactory poles 
could be obtained from the native timber, three major 
questions had to be definitely determined: 

a. Whether or not suitable pole-making timber 
could be found in large quantities in accessible places 
and close to the railroad. 

b. Whether or not, from the standpoints of strength, 
shape, grain, etc., the timber would be satisfactory. 

c. Whether or not poles from this timber could be 
produced at prices equal to or lower than current prices 
of other poles. 


AVAILABLE POLE TIMBER 


Recent surveys made by the United States Forest 
Service show the following approximate number of 
poles that could be produced per acre on certain test 
sections in several of the national forests of Colorado 
and Wyoming: 


Arapahoe Forest.........<-+.+. 137 per acre 
Gunnison Forest........... ...- 62 per acre 
Cochetopa Forest.............. 47 per acre 
Leadville Forest............... 68 per acre 
White River Forest............ 53 per acre 
Medicine Bow Forest........... 176 per acre 


From sections that have been cut for the purpose of 
securing ties, sawlogs, props, and poles, and in other 
sections where special surveys have been made, it has 
been possible to gain a general idea of the proportion of 
available poles to the total number of sawlogs and ties 
that this timber affords. The amount of sawlog and 
tie timber available in the Colorado and Wyoming 
National Forests (Wyoming and Teton National 
Forests in Wyoming not included) is as follows: 


Species No. of Feet-Board Measure 
Lodgepole pine She eeaisck sone 10,599,078,000 
Engelmann spruce............. 15,236,420,000 
Western yellow pine............ 2,031,688,000 
Douglas fit. aoe eee 1,959,289,000 


From the above information, and allowing fully for 
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trees that would not make satisfactory poles, it can be 
conservatively estimated that there are now in the 
Colorado and Wyoming National Forests 200,000,000 
trees that would make specification poles. These poles 
range from 20 ft. to 85 ft. in length with the majority 
under 50 ft. in length. Besides this growth there is an 
enormous amount of privately owned pole-sized timber 
here and there along therange. The States of Montana 
and Idaho also have very large stands of available pole 
timber on United States national forests. In Colorado, 
Wyoming, Montana, and Idaho, this timber, consisting 
mostly of lodgepole pine and Engelmann spruce, can be 
secured in large quantities within two to ten miles of 


Fia. NATIONAL 


LEADVILLE 
Forest, Cotorapo 
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existing railroad shipping points which are connected 
with transcontinental railroads, thus making possible 
comparatively short hauls. 

The timber controlled by the United States Forest 
Service will always be productive of poles in very large 
quantities. The cutting is so programmed that the 
mature timber is cut first, the less mature next, and so 
on until the crop is either materially thinned or entirely 
cut. The age of the present mature stands varies from 
75 to 300 years. Lodgepole pine reseeds itself, and after 
being cut a new growth appearsinashort time. Repro- 
duction or second growth in pole sizes can be obtained 
within 75 to 100 years, depending upon the soil char- 
acteristics, growing conditions, ete. 

These forests contain a large amount of Douglas fir 
or red spruce timber, and, because of its fungi resistant 
properties, this variety of timber has been used in the 
past for railroad ties, mine props, and poles, and found 
to be very satisfactory. At the present time, however, 
the stands are located in more or less inaccessible sec- 
tions and the growth is often scattered. In view of 
these facts, Douglas fir poles would now cost more than 
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poles cut from either lodgepole pine or Engelmann 
spruce. 


TIMBER CHARACTERISTICS AND TESTS 


In selecting pole material, the fiber strength in bend- 
ing is a very important consideration. The strength of 
pole timber is usually determined by testing the poles 
in a device by means of which the load, distances from 
the load to the supports, and the deflections can be 
accurately measured; and practically all tests of lodge- 
pole pine timber have been made in a standard labora- 
tory testing machine. 


Comparative tests? of lodgepole pine, Engelmann 
spruce, and cedar poles were made in 1911 at the Uni- 
versity of Colorado, Boulder, Colorado, by Norman 
Betts and A. L. Heim, engineers in forest products. 
Twenty western red cedar poles, which were cut near 
Edgemore, Idaho, and purchased on the Denver market; 
22 lodgepole pine poles, cut in the Deerlodge National 
Forest, Montana; besides 20 lodgepole pine poles and 20 
Engelmann spruce poles, fire-killed ten years and cut 
in Colorado, were all shipped to the University of 
Colorado for these tests. The strength in bending was 
determined by placing the poles in a Riehle testing 
machine and applying a load until failure occurred, 
and the fiber stress at elastic limit, modulus of rupture, 
stiffness factor, and modulus of elastic resilience were 
determined for all poles considered. In addition, the 
moisture content, annual rings per inch, proportion of 
heartwood and sapwood, and the weight per cubic foot 
were determined. The general results of these tests 
were as follows: 


1. Air-seasoned lodgepole pine is superior to western 
red cedar in all the mechanical properties determined. 

2. Fire-killed lodgepole pine is only 80 per cent as 
strong as western red cedar at maximum load. 

8. Fire-killed Engelmann spruce poles are inferior 
to cedar and pine in all mechanical properties. 

The comparative average strength of the cedar, 
air-seasoned and fire-killed lodgepole pine, and the fire- 
killed Engelmann spruce is shown clearly in the follow- 
ing table: 


Pounds/Sq. In. | Pounds/Sq. In. 


Moisture Modulus of Fiber Stress at 
Content Rupture Elastic Limit 
Western red cedar....... 16.1 6,885 4,430 
Lodgepole pine (air- 
seasoned)........... 21.9 7,680 5,280 
Lodgepole pine (fire- 
BANS rence rates hae 16.9 5,481 4,327 
Engelmann spruce (fire- 
BUN OG i ay cn sie rad vs 16.3 4,378 3,489 


In 1926 the Mountain States Telephone and Tele- 
graph Company made similar tests of 53 lodgepole pine 
poles. All the poles were cut green in the Sargents, 
Pitkin, and La Veta Pass districts of Colorado. Thirty- 


2. This report is covered in detail by Bulletin No. 67, U.S. 
Dept. of Agriculture, dated March 17, 1914. 
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one of the poles tested were open tank-treated with 
creosote, the temperature of the hot bath during the 
creosote treatment having ranged between 200 deg. 
and 260 deg. fahr. These poles were shipped to the 
University of Colorado, at Boulder, and there tested 
in the same Riehle machine that was used by Betts and 
Heim in 1911. To determine the modulus of rupture, 
the poles were placed in the machine in 20-ft. lengths 
in order to allow both ends of the pole to rest on the bed 
of the machine. The load was applied at a uniform 
speed of approximately onein. per min. The deflection 
of the pole was noted at intervals of 1000 lb. until a 
total load of 6000 Ib. was reached, after which the 
machine was kept in balance, the deflection being noted 
at 250 lb. intervals until failure occurred. The charac- 
teristics of each fracture were carefully examined, and 
data were tabulated regarding the relative location of 
large knots, the type of fracture and whether or not the 
pole failed in tension or compression. In the tests the 
annual rings per inch, twist in grain per 20 ft., taper, 


Fic. 2—Ries_e Testinc Macuine at UNIVERSITY OF COLORADO 


moisture content, and specific gravity were also 
determined. 

The main conclusions drawn from these tests were 
as follows: 

1. The open tank treatment of the poles did not 
show a positive tendency either for increasing or de- 
creasing the strength of the pole. 

2. A slight tendency toward an increase of strength 
with a decrease in moisture content was noted. 

3. Large knots or rings of knots were found very 
objectionable from the standpoint of strength. 

4. The modulus of rupture for the 53 pieces averaged 
7723 lb. persq.in. The average moisture content was 
15.98 per cent. 

Among those who witnessed these tests were Messrs. 
H. N. Biggle and S. E. Horton of the Western Union 
Telegraph Company, Professors H. J. Gilkey and 
Clarence L. Eckel of the University of Colorado, and 
Professor W. C. Huntington of the University of 
Illinois. In this work the University of Colorado 
heartily cooperated with and assisted the telephone 
company representatives, as well as providing the 
mechanical laboratory and the necessary space in the 
chemical laboratory for the tests. 

In 1927 the Bell Telephone Laboratories made tests 
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of pressure-treated creosoted lodgepole pine poles at the 
University of Colorado. The average modulus of 
rupture determined in these tests was 6214 Ib. per sq. in. 

When considered as toshape, grain, and other physical 
characteristics necessary for satisfactory pole material, 
all species,—that is, Engelmann spruce, lodgepole pine, ~ 
Douglas fir, and western yellow pine, would qualify and 
would rank in the order named in so far as desirability 
is concerned. This rating is determined by an exami- 
nation of the timber after it is cut into poles, noting 
the taper, the size of knots, the twist in grain, the thick- 
ness of sapwood, the extent of undesirable scars, and 
other features inherent in its growth. Western yellow 
pine grows generally in rather open areas, is found in 
large trees and has large knots; moreover, extensive 
pole producing areas are scarce. 


PRODUCTION COSTS 


At the time this investigation was made, all cost 
figures as to stumpage, cutting, skidding, hauling, and 
loading poles on the cars indicated that poles in most of 
the available Rocky Mountain areas could be produced 
at equal or less cost than those shipped in from other 
sources of pole supply, with the possible exception of 
southern yellow pine in some districts. 

In connection with the cost of producing poles in this 
territory, the freight factor is very important. For 
example, poles can be delivered in Colorado from the 
pole producing areas of either Colorado or Wyoming 
at a freight rate less than one-half the rate from other 
sources. 


LODGEPOLE PINE AND EXPERIMENTAL LINES 


The lodgepole pine, because of its existence in such 
large quantities and in such favorable locations from a. 
cutting and shipping standpoint, and also due to its 
greater fiber strength than that of the Engelmann 
spruce, was chosen as a logical pole timber with which 
to experiment. 

It was recognized that the successful and profitable 
utilization of lodgepole pine timber for poles could not 
be expected unless a satisfactory treatment could be 
employed that would be effective in protecting the wood 
from rotting after the poles were placed in the ground; 
and it is now an established fact that this timber can 
be so protected, as shown by experience with the follow- 
ing lines. | ; 

In 1909 at Norrie, Colorado, 1022 fire-killed lodge- 
pole pine poles were butt-treated with creosote oil. 
The treatment consisted in placing them in a vat con- 
taining the oil, which was heated for a sufficient time, 
allowed to cool and then drawn off. In this process a 
penetration of from one-eighth inch to one-fourth inch 
was obtained, which under present day methods is 
considered shallow penetration. One very important 
factor which favored these poles was that they were fire- 
killed and thus perfectly seasoned, and therefore 
checked very little after they were placed in the lines. 
Of these poles 561 were placed in service in Rifle, Colo- 
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rado, by the Rifle Heat and Power Company, and a 
line was also built extending from Rifle to their power 
plant, a distance of approximately 12 mi. These poles 
were inspected in 1917, 1920, and again in 1926. After 
17 years’ service, 88.4 per cent of the poles were found 
to be sound, 2.6 per cent contained decay, and 9 per 
cent had been removed. All tops were inspected and 
only one pole showed signs of decay above the ground. 

In 1910 the Mountain States Telephone and Tele- 
graph Company placed in service 759 poles which were 
fire-killed and treated at Norrie in the same manner as 
the poles placed at Rifle. They were used in a line 
between Hotchkill and Crawford, Colorado, and to 
this date, after 18 years’ service, no replacements have 
been made, although 42 poles have been reset and 10 
have been reinforced. 

Studies of pole line inspection reports show that very 
few poles in the Rocky Mountain territory become 
infected and rot above the ground line. This is prob- 
ably due to the lack of moisture necessary to fungi 
growth. For this reason it is felt that in this territory 
it is neither necessary nor economical to treat poles 
above the ground line. 

In the light of this past experience, it is reasonably 
certain that, when seasoned and properly butt-treated 
with dead oil of coal tar, lodgepole pine poles will 
prove both satisfactory and economical for the construc- 
tion of power and communication lines throughout 
large areas of the West. 


PRODUCTION 

Tentative specifications for lodgepole pine poles were 
in 1924. In general, these specifications 
followed those for southern yellow pine poles, taking 
into consideration, however, the characteristics of the 
lodgepole pine timber. In November, 1926, specifica- 
tions for lodgepole pine poles and the creosote treat- 
ment thereof were drafted by engineers of the American 
Telephone and Telegraph Company. ‘These specifica- 
tions were based upon the experience gained in handling, 
inspecting, and treating these poles and the tests made 
to determine their strength in bending. These specifi- 
cations are still in force. 

In 1924 arrangements were made with a timber 
company to cut approximately 10,000 lodgepole pine 
poles in the vicinity of Sargents and Pitkin, Colorado. 
Due to the fact that any oil treatment is of little value 
in this territory unless the poles are properly sea- 
soned, an effort was made to cut these poles so that 
they would season during the months of June, July, and 
August previous to their shipment to the treating plant 
the following January and February. In the seasoning 
process the moisture content reduces from 60 to 90 
per cent to 20 to 25 per cent. The moisture content is 
determined by removing a core from the pole, drying it 
in an oven, and calculating the ratio of the loss of 
moisture to the dry wood. ‘The seasoning is valuable 
for three reasons: 
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1. It reduces the weight of the pole, thereby effect- 
ing savings in freight and hauling charges. 

2. The shrinkage in the wood fiber produces checks 
which can be stapled and controlled before the pole is 
treated and placed in service. 

3. Poles having a heavy twist tend to straighten 
out when seasoning. If poles are placed in the line 
when green, the gains become out of line as the poles 
season, which, in some cases, necessitates regaining 
and retying the wires in order to relieve the tension on 
one side of the arm. 

In an endeavor to control the checking of the poles 
after they have been treated, anti-splitting staples are 
used for controlling large season checks. These staples 
are driven into the poles, spanning the checks to prevent 
further opening. This practise is also employed to 
control checks in western cedar poles. During the 
seasoning process small poles shrink from 34 in. to 
1 in. in circumference, while large poles shrink from 
1% in. to 2% in. in circumference, depending upon the 
size of the pole, the age of the tree, and other factors. It 
is therefore absolutely necessary that poles be cut from 
six to nine months in advance of using them, in order 
that they may be properly seasoned. It is also more 
economical for the producer to cut poles when the sap 
is up and the bark can be removed easily, which period 
is generally between the fifteenth of April and the first 
of August. All cutting operations, of course, cannot 
be done during this time, but it is a great aid to the 
cutter if he can cut and peel a large number of his poles 
at this opportune time. 

In most cutting areas it is more economical to haul 
the poles from the woods to the railroad on snow with 
sleds than any other way, although in a few localities, 
where road conditions permit, probably a wagon or 
tractor could be operated satisfactorily, but in general 
such a method is expensive. After being cut, limbed, 
and peeled, the poles must be skidded to the roads, 
sorted fairly well according to size and class, and placed 
on timbers to minimize the chance of becoming infected 
with fungi growth and to aid in their further seasoning. 
The weather conditions vary along the range from year 
to year, and it is generally difficult to haul poles before 
the first of December following the cutting operation. 
After snow falls in large enough quantities to permit 
sledding, the poles are hauled to the railroad and there 
placed on skids, assorted by classes and lengths to 
await inspection. 

It can readily be seen that it is necessary to program 
carefully the pole requirements far enoughin advance to . 
allow the producer to cut and haul the poles at the 
most economical time and still have the proper time for 
seasoning. 

Returning to the activities of the Mountain States 
Telephone and Telegraph Company directed toward 
determining the feasibility of lodgepole pine pole pro- 
duction, and referring to the arrangements made in 1924 
for the cutting at Sargents, Colorado, after these poles 
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were fairly well seasoned in the woods or at landing 
yards along the railroad, they were shipped to Salida, 
Colorado, for treatment. 


PRESERVATIVE TREATMENT 


In the meantime an open tank creosoting plant was 
constructed at Salida, Colorado, for the purpose of 
treating poles. Salida was selected as the logical loca- 
tion for this plant, due to the fact that it is near the 
center of the pole producing timber on the Denver and 
Rio Grande Western Railroad, and a junction point of 
the narrow and standard gage routes of this system. 
The vats of this plant were constructed in general 
according to plans furnished by the American Telephone 
and Telegraph Company. There are two treating vats 
9 ft. wide, 24 ft. long, and 10 ft. deep. In the bottom of 
each vat is a steam coil protected by asteel grid. There 
are two storage tanks for the dead oil of coal tar, one 
called the cold tank and the other called the hot tank, 
each containing a heating unit to maintain the oil at the 
proper temperature. The heating unit in the cold tank 
maintains the temperature of the oil at approximately 
100 deg. fahr. in winter weather and by circulating cold 
water through this unit during the summer time, the 
cold oil can be kept at a temperature of approximately 
100 deg. fahr. The vats and tanks are supplied with 
steam from a 40-hp. boiler and under a pressure of 
45 lb. persq.in. A pit is located between the treating 
vats, in which is mounted a centrifugal pump driven by 
an electric motor; and the vats, pump, and tanks are 
connected with eight-inch pipe lines. This arrange- 
ment provides for pumping the oil rapidly out of the vat 


Fic. 3—Lopeerore Pise Pores 1x Treating Varts, Sativa, 
COLORADO 


after the hot treatment and pumping cold oil back into 
the vat to continue with the cold treatment. 
Experiments supervised by the Department of 
Development and Research of the American Telephone 
and Telegraph Company were carried out to determine 
the proper preparation of the poles and the character of 
the treatment which would produce the best results. 
In order to insure even and deep penetration, it was 
found necessary to remove all pink bark on winter cut 
' poles and also the transparent skin on summer peeled 
poles. The necessary shaving of the poles was done 
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with an ordinary draw knife. It was also found that 
the most desirable results could be obtained by treating 
the poles in a hot oil bath for seven hours at a tem- 
perature of from 225 to 250 deg. fahr., after which the 
hot oil was replaced quickly with cold oil and the treat- 
ment continued for an additional seven hours at a 
temperature of from 100 to 110 deg. fahr. With this 
treatment a penetration of oil was secured ranging from 
54 in. to 214 in. with an absorption averaging 2.2 gal. 
per pole. It was found that by raising the temperature 
of the hot bath from 225 to 250 deg. fahr. the absorp- 
tion of oiligreatly increased. Tests were made to 
determine whether or not this heat affected the strength 
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of the pole, and it was found that it did not materially 
do so. 

Test pieces of Douglas fir were treated, and it was 
found that very little penetration could be secured. 
Lodgepole pine generally has a thick sapwood while 
that of Douglas fir is relatively thin. In either species 
under ideal conditions the sapwood can be penetrated, 
but very little, if any, penetration can be secured into 
the heartwood. Tests of fire-killed lodgepole pine tim- 
ber were made, and it was found that a penetration of 
more than one-half inch was impossible, regardless of 
the temperature of the hot bath. In this connection 
it was impossible to locate stands of suitable fire-killed 
lodgepole pine in Colorado. 

During 1925 approximately 3500 poles were shipped 
to Salida, where they were prepared for treatment, 
treated, and reshipped to their destination. The 
following year 21,000 poles were cut in the vicinity of 
Sargents, Pitkin, and La Veta Pass, Colorado, treated at 
Salida and placed in lines in Colorado, Wyoming, and 
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Utah. In 1927, 16,000 poles were produced in the same 
locality. In 1927 arrangements were made to expand 
the production, and contracts were made with a pro- 
ducer on the Moffat Railroad near Phippsburg, Color- 
ado, and one on a branch railroad near Laramie, 
Wyoming, with the result that the total production in 
1928 will be in the neighborhood of 35,000 poles. As 
the production and consumption of these poles increases, 
producers should be secured in Montana and Idaho. 
CONCLUSION 

There is every reason to believe that tank treated 
lodgepole pine poles will have an average life in service 
of at least 15 to 20 years, and possibly longer. There 
are many factors that affect the ultimate wire load of a 
telephone pole line, and often this load increases faster 
than was originally anticipated, with the result that the 
pole is found to be undersized long before it has been 
condemned; also, at times other unforeseen factors 
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necessitate moving the pole before its life has been 
spent. In this territory it now appears that a pole 
with the lowest possible first cost and a fairly long life 
is more economical than a pole with a higher first cost 
and longer life. In other parts of the United States 
where the density of poles is greater and poles can 
readily be recovered and reset without damaging the 
treated portion, different conclusions may be reached. 

From the foregoing outline of the investigations thus 
far made to determine the field of usefulness offered by 
lodgepole pine timber as a source of pole supply, there 
can be found justification for continuing and expanding 
this production, with full confidence that through the 
employment of proper methods of cutting, seasoning, 
and treating, lodgepole pine poles will prove highly 
satisfactory for the construction of the ever increasing 
number of power and communication lines traversing 
the western plains and Rocky Mountain region. 


Carrier Systems on Long Distance Telephone 
Lines 


BY H. yA. AFFEL*; 


Member, A. I. E. E. 


Synopsis.—A previous Institute paper in 1921 gave a very 
complete résumé of the activities of the Bell System at that time in 
the development of multiplex telephone and telegraph systems using 
carrier-current methods. A new type of carrier telegraph system was 
subsequently described in an Institute paper. In the present paper 
the authors describe developments which have resulted in improve- 
ments in the carrier telephone art since that time. A new, so-called 


INTRODUCTION 
T the Midwinter Convention of the Institute in 
my 1921, Messrs. Colpitts and Blackwell presented 
a paper entitled Carrier Current Telephony and 
Telegraphy, TRANS. A. I. E. E., Vol. XL, 1921, p. 205. 
This described the development work of the Bell 
System which had resulted in the production of com- 
mercial types of multiplex telephone and telegraph 
systems using carrier-current methods. The paper 
also gave a brief historical summary and included a 
theoretical discussion of the methods involved, as well 
as detailed descriptions of apparatus which had found 

employment in the telephone plant. 

The carrier-current art had at that time emerged 
from the laboratory to play its part in meeting the 
practical requirements of telephone service in the field. 
This step was made possible largely by two tools, now 
indispensable to the communication engineer, the 
thermionic tube and the wave filter. 

In an ordinary telephone circuit, each frequency 
component in the voice of the speaker is transmitted 
by an electrical current of the same frequency. In 
most cases the electrical equipment of the circuit is not 
called upon to transmit frequencies above about 3000 
cycles per sec. In carrier-current operation, however, 
the voice-frequency currents are caused to modulate a 
high-frequency current which thus serves as a “‘carrier’”’ 
for the message. In this way an additional telephone 
channel is obtained, using frequencies entirely above 
those transmitted in connection with the ordinary 
voice-frequency channel. By using other high fre- 
quencies, several additional messages may be trans- 
mitted simultaneously on the same pair of wires. 
Each channel occupies a certain range of high frequen- 
cies. For example, the words of one speaker may be 
conveyed by a channel employing frequencies from 
about 23,500 to about 26,000 cycles per sec. At the 
receiving terminal the various incoming ranges of high- 
frequency currents are separated by electrical filters. 


*Dept. Development and Research, American Telephone and 
Telegraph Company. 

+Bell Telephone Laboratories, Ine. 

Presented at the Summer Convention of the A. I. E. E., Denver, 
Colo., June 25-29, 1928. 
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type ‘“‘C”’ system is described in detail, together with suitable repeaters 
and pilot channel apparatus for insuring the stability of operation: 
the line problems are considered and typical installations pictured. 
The growth of the application of carrier telephone systems and their 
increasingly important part in providing long distance telephone 


service on open-wire lines are shown. ° 
* * * * zx 


Then by demodulation the original voice-frequency cur- 
rents are produced again and are transmitted over 
voice-frequency circuits, the transmission over each 
channel thus reaching the proper listener. In this 
way a telephone line already carrying d-c. telegraph and 
voice-frequency telephone services may be multi- 
plexed so as to provide additional telephone facilities. 
In a somewhat similar manner the high-frequency 
range may be used instead to transmit telegraph mes- 
sages. In the present paper, carrier telephony alone 
is considered. 

The Colpitts-Blackwell paper described two carrier 
telephone systems which had been developed up to 
that time, a four-channel “carrier suppressed” system 
(type A), and a three-channel “carrier transmitted” 
system (type B). The initial installation of these 
systems was made about 1918 on the long lines of the 
Bell System. 

These earlier systems were effective in bringing 
about economies by avoiding the stringing of additional 
wire on many long pole lines, but there remained many 
opportunities for further improvement in performance 
and simplification of equipment. New problems arose 
to be solved in connection with the desire to operate the 
largest possible number of systems on the same pole 
line. The result has been the development of a sub- 
stantially improved technique and a new system (the 
type C) which not only has provided much improved 
performance over its predecessors but which has led to 
further economies because of reduced costs. 

Carrier Telephone Growth in Bell System. Whereas 
the use of the early types of systems was justified in 
competition with the alternative of additional wire 
stringing only for distances exceeding 250 to 300 mi., 
the new system proves economical for distances con- 
siderably less. This fact has naturally stimulated the 
application of carrier telephony in the Bell System. 
This is shown by Fig. 1, which indicates the growth of 
these systems in terms of channel mileage afforded by 
their use. It will be noted that the rate of growth of 
the systems has increased greatly in the last two or 
three years, a result of the availability of the improved 
system. ~ 

At the end of 1927 there were in operation about 
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130,000 channel miles. By the end of 1928 the figure 
is expected to be about 230,000. This figure does not, 
of course, represent a very large proportion of the total 
toll mileage of the Bell System, which includes many 
circuits less than 100 mi. in length. It is sufficient, 
however, to indicate that the carrier telephone systems 
are a substantial factor in the provision for the growth 
of the longer haul facilities, where they naturally 
provide the greatest economies. Their use is, of course, 
restricted to sections of the country in which open-wire 
construction is chiefly employed. They have con- 
tributed toward lowering the cost of service and in 
making possible the toll rate reductions which have 
been put into effect within the past year or so. 

New System Replacing Older Types. The new type C 
system is essentially a long-haul, multi-channel system. 
It adds three high grade telephone circuits to the 
facilities normally afforded by a single pair of wires, 
and can be used over any distances likely to be encoun- 
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Fig. 1—Growts or Carrier TELEPHONY IN BELL SysTEM 


tered in the Bell System. Where repeaters are required 
they are spaced at intervals of 150 to 300 mi., depending 
upon particular transmission considerations. Stability 
of transmission over the several carrier channels is 
assured, despite the relatively large inherent variations 
in high-frequency line transmission due to weather 
changes, by means of a pilot channel. 

The service requirements which present themselves 
in the application of carrier methods are, of course, 
basically no different from those for commercial talking 
circuits obtained by other means. The problem is to 
establish a toll circuit between long distance offices 
which meets certain standards of transmission, includ- 
ing speech volume, stability, and quality. The latter 
requires that there must be transmitted a certain 
band width of frequencies in the voice range. Further- 


1. In localities having very heavy traffic requirements such 
as in the East, extensive use is made of toll cables. 
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more, there must exist no appreciable load distortion 
effects. The circuit must also be relatively free from 
noise or cross-talk. A signaling system must be pro- 
vided so that the operators at opposite terminals may 
call each other. In other respects the system must 
appear as a normal telephone circuit not distinguishable 
from an operating standpoint from the other circuits 
afforded by metallic wire connections. The apparatus 
installed in the telephone office must conform to certain 
physical standards of equipment, sturdiness, flexibility, 
ete. It must be capable of being maintained by trained 
office forces. Testing facilities must be provided, ete. 
It is believed that these objectives have been largely 
realized in the arrangements which are described in this 
paper. 


THE TYPE C SYSTEM’ 


The type C system embodies those major technical 
features which our experience with the older systems 
has indicated as most desirable. It is a carrier-sup- 
pressed, single sideband system, in which respect it is 
similar to the older type A system. However, it has 
been found possible to dispense with the equal frequency 
spacing of the channels which was characteristic of the 
type A system, and which involved the transmission of 
a synchronizing current between two terminals and the 
harmonic generation of higher frequencies from this 
synchronizing current. A simplification in apparatus 
has resulted. This non-harmonic arrangement of 
channels has further made possible a more efficient use 
of the frequency spectrum by the fact that the channel 
bands at lower frequencies can be squeezed together 
more closely than those of the higher frequencies where 
the band filters are less efficient due to decreasing ratio 
of band width to frequency. 

The type C system requires for each modulator an 
oscillator as a source of carrier supply. Moreover, 
since a synchronizing current is not employed at the 
receiving terminal of the channel an oscillator of the 
same frequency is required for ‘“demodulation.”” Ad- 
vances in the art of designing vacuum tube oscillators 
of great frequency stability have made it possible to 
insure that these oscillators, which may be hundreds 
of miles apart, remain sufficiently close together in 
frequency so that no noticeableimpairment in quality of 
transmission results. 

In the matter of the frequency allocation of the 
channel bands, the type C system possesses one of the 
essential features Of the older type B system, that is, 
the use of different carrier frequencies for transmission 
in opposite directions. Comparative experience with 
the type A system which, by means of high-frequency 
line and network balance, employed the same frequency 
band for the opposite directional paths of the channel 
led to the conclusion that the systems which avoided 
the high-frequency balance requirement were more 
desirable. Also the problem of intermediate repeater 
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amplification is simplified where the opposite directional 
frequencies are thus separated and grouped. Further- 
more, the cross-talk problem between different systems 
on the same pole line is greatly simplified for reasons 
which will be discussed later, and a greater total number 
of channels may usually be obtained on the same pole 
line. 

The single sideband transmission employed reduces 
by about one half the frequency band that would 
otherwise be required for each channel. The carrier is 
not transmitted, as the presence in the system of carrier 
currents of the large magnitude required for a “carrier 
transmitted” system not only requires greater amplifier 
load capacity at the repeaters, but may increase the 
possibility of troublesome cross talk and noise inter- 
ference. The selectivity requirements of the band 
filters would also become more severe to keep the carrier 
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of one channel out of the other channels in the system. 

A Complete System. The simplified layout of a com- 
plete system is shown in Fig. 2. It will be noted that it 
includes apparatus at a terminal, a line circuit, a re- 
peater station, a second line circuit, and apparatus at a 
second terminal. Obviously, the total line length be- 
tween terminals may be extended by the use of a greater 
number of repeaters. 


At each end there are the terminations of the three 
carrier channels 1, 2, and 3, and the regular voice circuit 
4. These terminations appear, of course, at the long 
distance switchboard in the same office or in a different 
office from the carrier terminal. When a subscriber is 
connected to one of the terminations, for example, No. 1, 
speech currents pass through the three-winding hybrid 
coil, thence into the modulator circuit where they are 
caused to modulate high-frequency carrier current. 
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The resultant modulated bands? of frequencies pass 
through a band filter allowing only the desired band to 
pass to the transmitting amplifier, thence this band ~ 
passes through a so-called directional filter and a high- 
pass filter to the line circuit. The high-pass filter last 
referred to, in association with its complementary low- 
pass filter, forms a so-called “‘line filter” set whereby the 
regular voice range currents are separated from the 
higher frequency carrier current at both terminal and 
repeater offices. 

The other two carrier channels function similarly, and 
the several modulation bands of carrier frequencies join 
the first channel in passing through the common ampli- 
fier and directional filter circuit to the line. At the 
repeater point the group of bands comprising the three 
channels passes through the high-pass line filter circuit, 
thence through a directional filter and line equalizer 
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to the amplifier circuit and outward through the direc- 
tional and line filter circuit to the next line section. At 
the farther terminal the combined carrier currents pass 
through the directional filter and are again amplified in 
the receiving amplifier. At the output of the amplifier 
the different carrier channel bands of frequencies are 
selected one from another by the band filters, thence 
they pass to the demodulator circuit, are demodulated 
to their original form and then pass from the output 
connection of the hybrid coil to their respective 
terminations. 


Circuit Arrangements at Terminals. Fig. 3 shows 


2. For a discussion of modulation see E. H. Colpitts and 
O. B. Blackwell, Carrier Current Telephony and Telegraphy, 
A. I. E. E. Trans., Vol. XL, 1921, p. 205; R. V. L. Hartley, 
“Relation of Carrier and Side Bands in Radio Transmission,” 
Bell System Tech. Jl.., Vol. 2, April 1923, pp. 90-112. 
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diagrammatically in somewhat greater detail the 
terminal of the type C system. The modulator circuit 
consists of a two-tube “push-pull” grid-bias vacuum 
tube circuit in which the carrier frequency is balanced 
out. A separate oscillator tube circuit of exceptional 
frequency stability supplies the carrier. The frequency 
allocation requires the transmission of only the upper 
or lower sideband frequencies, and the band filter at 
the output selects the desired band, rejecting the other 
products of modulation as well as the amplified voice 
frequencies which are incidentally transmitted through 
the modulator unit. This sideband current in con- 
junction with the corresponding currents of the other 
two sidebands of the outgoing channels passes through 
the common amplifier. This is a two-stage vacuum 
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tube unit having four tubes in the output circuit ar- 
ranged in parallel push-pull connection to insure the 
required load carrying capacity. 

The circuit then leads through a directional filter 
of either low-pass or high-pass type which distinguishes 
between the band groups of the opposite directions of 
transmission as required by the allocation of frequencies. 
The amplified currents pass through the high-pass filter 
of the line filter set and thence to the line circuit. 

In receiving, the sideband frequencies after separa- 
tion from the voice currents by the line filter set, pass 
through the directional filter and an amplifier similar 
to that used at the transmitting terminal. While the 
power output required at the receiving amplifier is 
usually small as compared to that required at the trans- 
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mitting amplifier, the same unit is used for the two 
positions to provide flexibility in the adjustments of the 
receiving gains of the separate channels and for the pur- 
pose of economy in production. The different channel 
currents in the output of the amplifier are selected by 
the respective receiving band filters and thence pass 
into the demodulator circuits. In the demodulators 
the voice frequencies are derived by the modulation of 
the sideband currents with a carrier frequency supplied 
by a local oscillator whose frequency is adjusted accu- 
rately to agree with that of the corresponding trans- 
mitting modulator at the farther terminal. This 
important problem of synchronization of oscillators is 
further discussed later in the paper. It is, of course, 
obvious that if the carrier frequencies of the modulator 
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and the corresponding demodulator of the same channel 
are not in sufficiently close agreement there will be a 
serious distortion of the speech currents received over 
the channel. 

The output of the demodulator circuit includes a 
low-pass filter for suppressing the unwanted components 
of demodulation, and the circuit thence leads to the 
channel terminal through the hybrid coil. The func- 
tion of the latter is to provide a two-wire termination of 
the channel and it prevents the output currents of the 
demodulator from reaching in any substantial magni- 
tude the input of the modulator circuit, thus setting up 
a regenerative action which might result in “singing.” 

It may be noted that the circuit normally provides 
for a transmission “gain’’ or amplification of energy 
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from the switchboard termination to the high-frequency 
line circuit of approximately 20 TU* corresponding to 
a current or voltage amplification of 10 to 1. In the 
receiving direction a gain of the same order of magnitude 
is also available. 


the desired over-all equivalent of the circuit. It is 
usually desirable at the transmitting terminal to 
maintain the level at the maximum possible for the 
system. The over-all transmission afforded by a 
carrier system may be noted by the curve on Fig. 4, 
which shows the relative speech frequency transmission 
characteristics of a typical channel. Where the carrier 
channel is employed for terminal-to-terminal business 
the over-all equivalent at 1000 cycles is ordinarily 
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adjusted to an equivalent of about 10 TU. The chan- 
nels not infrequently form sections of much longer 
over-all circuits, being connected to cable or perhaps 
open-wire circuits, in which case it is rather common to 
adjust the carrier section to a zero equivalent or even a 
gain of several T U.: 

Inne Considerations. The passage of the carrier cur- 
rents from the terminal apparatus over the line circuit 
which serves to connect the two terminals, or a terminal 
and repeater station, gives rise to several problems: 
the line loss or attenuation, the stability of transmission, 
the possibilities of cross-talk from other carrier systems 
on the same pole line, and interference from currents 
from external sources. These factors must be con- 
sidered not only in connection with the arrangement of 
the wires themselves but also in conjunction with the 
design of the terminal apparatus, repeaters, etc., so that 
satisfactory over-all speech transmission may result. 

As was brought out in the Colpitts-Blackwell paper, 
the line attenuation at the high frequencies is in accord 
with the recognized transmission theory. Because of 
skin effect in the wires and rising losses in the insulators 
the attenuation increases steadily with frequency. 
Unfortunately the losses at the insulators are not con- 
stant and they increase greatly with the presence of 


3. R. V. L. Hartley, “The Transmission Unit,” Electrical 
Communication, Vol. 3, No. 1, July 1924, p. 34; W. H. Martin, 
Transmission Unit and Telephone Transmission Reference System, 
Trans. A. I. E. E., Vol. XLVIII, 1924, p. 797, Bell System Tech. 
Jl., Vol. 3, July 1924, pp. 400-408. 


AFFEL, DEMAREST, AND GREEN 


Of course, the exact amount utilized, 
in a particular case depends on the line attenuation and 
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This brings about an increase in attenuation 
in rainy weather. Fog, sleet, and wet snow may greatly 
increase these attenuation changes. There is also a 
lesser source of variation due to temperature change 
and its effect on wire resistance. 

If care is not taken the carrier currents may be 
interfered with on the line circuits by cross-talk from 
other carrier systems and by miscellaneous currents 
which enter the circuit by induction from the outside. 
These latter manifest themselves as noise in the carrier 
channels. This makes it essential to use only the 
metallic circuit, 7. e., two wires well balanced to ground 
for transmitting the carrier currents. The balance to 
ground must be maintained at a high degree by fre- 
quent transpositions in the wires. Even with these 
precautions unavoidable residual unbalances may per- 
mit a certain amount of interference to appear. The 
final remedy is to insure that the relations between the 
circuit length and the apparatus gains are properly 
considered in order that the speech currents may have 
ample margin above the noise currents at all points 
in the circuit. 

In the matter of cross-talk between systems closely 
adjacent on the same line the situation is alleviated by 
providing two frequency allocations. (See Fig. 5.) 
These are “staggered” with respect to each other, so 
that a system installed on one pair using the so-called 
N frequency allocation has less cross-talk to and from a 
system installed and operating on an adjacent pair and 
using the so-called S frequency allocation than would be 


moisture. 


s 10 1S 20 25 30 
FREQUENCY -KILOCYCLES 


Arrows indicate Location of Carrier Frequencies 
and direction of Transmission. 
P indicates usual location of Pilot Frequencies. 
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the case if both systems employed the same allocation. 
The maximum upper frequency required is raised only 
slightly by this arrangement. 

Repeaters. Repeaters must be employed when the 
distance exceeds that for which terminal transmitting 
apparatus is effective in maintaining the transmission 
level well above the line noise. The function of the 
repeater is, therefore, to amplify the carrier currents so 
that they pass on to the succeeding line section at a 
magnitude comparable to that sent out from the termi- 
nals. Obviously, the design of the repeater with respect 
to its gain and level carrying capacity, etc., presents a 
wide range of possibilities, depending on the distance of 
transmission, frequency, etc. 
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_ It has been found most practical to install the re- 
peaters along the route at approximately the spacing of 
the voice-frequency repeaters on the same wires. This 
means a spacing of from 150 to 300 mi., and occasionally 
slightly over 300. To have in the same office both 
voice-frequency and carrier repeaters reduces the equip- 
ment, simplifies the maintenance problem, and makes it 
possible to use the same sources of power supply. The 
gain and the load carrying capacity are, therefore, 
determined by this spacing, the gain being controlled 
by the attenuation loss between the repeaters, and the 
load carrying capacity by the output level desired be- 
cause of noise considerations. 

The higher attenuation of the line in the carrier range 
of frequencies means that the carrier repeaters must 
have a maximum gain of approximately four times that 
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of the voice repeaters operated on the same wires. 
Whereas gains of the order of 8 to 15 TU may be readily 
supplied by voice repeaters using balance and so-called 
“two-wire” operation, the 30 to 45 TU gain required 
by the carrier repeaters necessitates non-balanced or 
“four-wire’ operation or its equivalent, by using 
different frequencies in opposite directions and direc- 
tional filters for the prevention of “singing.” 

Fig. 6 is a schematic diagram of the circuits com- 
prising a typical repeater station including loading, 
compositing apparatus, and line filters. After passing 
through the high-pass line filter the carrier currents 
arrive at the high and low group directional filters 
which distinguish between the oppositely directed 
currents. These filters are substantially the same as 
those used for similar purposes at the terminal stations. 
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It is, of course, required in the design of the direc- 
tional filters that in each direction the filters must pass . 
a frequency band sufficient to transmit properly the 
three carrier channel bands. In addition to this the 
filters must present a loss outside of the transmission 
band which is sufficient to prevent the two-way amplifier 
circuit from “singing.” This means that considering 
the closed loop circuit of the two amplifiers and the 
four directional filters the attenuation in this loop 
must be considerably greater than the sum of the gains 
or amplification of the two amplifiers. There are also 
other requirements which these filters must meet which 
are discussed later. 

The amplifiers are the same as used for group ampli- 
fication purposes at the terminals. Each consists of a 
two-stage reactance-coupled vacuum tube circuit having 
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four tubes in parallel push-pull connection in the output 
circuit. The carrying capacity of this amplifier with 
the standard plate voltages is about one watt in the 
output, and the over-all amplification or gain including 
incidental filter losses is about 30 TU. Where gains 
greater than 30 TU are necessary in the higher fre- 
quency group provision is made for the addition of an 
amplifier stage ahead of the unit shown, which adds 
approximately 15 TU gain. At the same time provi- 
sion is made for the addition of greater directional 
filter selectivity. 

An important feature of the repeater circuit is the 
equalizer which is connected ahead of the amplifier. 
Because the line circuit attenuation varies with fre- 
quency and is greatest at the higher frequencies, it is 
necessary that the amplification introduced at a repeater 
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point be varied with frequency. The amplification 
introduced by the amplifier unit itself is substantially 
uniform with frequency. The equalizer network, 
however, by introducing a loss which is a minimum at 
the highest frequency of transmission and which in- 
creases for the lower frequencies makes the over-all 
repeater amplification a function of frequency and in 
general proportional to the line attenuation which it is 
designed to overcome. 

A typical over-all gain characteristic of the repeater 
is shown in Fig. 7. The adjustment of the exact 
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amount of gain desired at any time is made by the 
potentiometer at the input of the amplifier. 

Pilot Channel. As noted previously the attenuation 
of open-wire circuits of substantial length is affected 
by weather conditions. This makes it necessary to 
make occasional gain adjustments throughout the 
system. The extent of these adjustments is deter- 
mined by means of the pilot channel which provides 
a visual indication of the transmission levels of the 
carrier system in both directions of transmission without 
interfering with the speech currents over the channels 
themselves. It is, in effect, a separate constant fre- 
quency carrier channel allocated between certain speech 
channels in each transmission group. 

The operation of the pilot is relatively simple. At 
each repeater point and receiving terminal thereappears 
a meter for registering the output level of the amplifier. 
The pointer of the meter is expected normally to rest on 
the zero or normal level layout of the system. If a 
change in the attenuation of the line circuit causes a 
departure in the transmission level, the meter reading 
shows a corresponding ‘‘up” or “down” indication and 
by adjustments of the repeater or terminal amplifier 
potentiometers the level may be returned to normal. 
An alarm circuit is furthermore provided at the receiv- 
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ing terminal so that when the level has departed by 
more than a predetermined amount, say + 1.5 TU, from 
the desired normal, the operating attendant is called 
in to make the adjustment. 

A high-frequency current of constant amplitude is 
transmitted from each end, and the meter indications 
are measurements of this current at the output of 
repeater amplifiers, and at the receiving terminal 
amplifiers (see Fig. 2). A separate pilot frequency is 
utilized for each direction of transmission. Because no 
communication is carried on over this pilot carrier 
current, the band provided is extremely narrow, and no 
appreciable portion of the frequency spectrum is 
sacrificed. 

The frequency selected for the pilot channel must 
coordinate with the other carrier system frequencies. 
The two frequency allocations of the type C system 
require different pilot channel frequencies because their 
speech channels occupy different frequency bands. 
The apparatus has therefore been made so that the 
frequency of the pilot current can be adjusted to any 
value desired in the carrier range. The frequency 
selected for a given system may be determined by local 
conditions of cross-talk or interference, although in 
general the preferable location is between the channel 
bands as noted in Fig. 5. The amount of current which 
is used is limited by its interfering effect into adjacent 
channels or into other carrier systems on the same line, 
and it is ordinarily of a low value, of the order of 2 to.6 
milliamperes on the line. 

Fig. 8 shows schematically the principal features 
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ALARM CIRCUIT IS USED WITH TERMINALS ONLY) 
of the terminal pilot-channel circuit as a whole. The 


oscillator at each transmitting terminal which produces 
the pilot current is connected to the carrier circuit at the 
input to the transmitting amplifier, in parallel with the 
band filters. This current is amplified with the speech 
currents and transmitted through the directional filter 
to the line. The attenuated pilot and sideband cur- 
rents pass from the first section of the line into the re- 
ceiving directional filter of the first repeater and enter 
the amplifier. The pilot channel indicator circuit is 
bridged across the output of the amplifier, andis tuned to 
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iS iscriminate very sharply against all but current of 
the pilot frequency. This circuit has a high impedance 
relative to the line, so that only a very small percentage 
of the pilot current is drawn from the line at a repeater 
point. The remainder is transmitted through the 
outgoing directional filter and over the subsequent 
section of the line. 

That portion of the pilot current which enters the 
indicator circuit is amplified and rectified in the vacuum 
tube detector, and the output current is read on a d-c. 
milliammeter. As stated above this meter is cali- 
brated to read in TU above and below a mid-scale 
position which represents a normal transmission level 
to which the system is initially adjusted. 

Entering the receiving terminal of the carrier system, 
the pilot and speech currents pass through the direc- 
tional filter and are amplified. As at the repeater, the 
pilot indicator circuit is bridged across the output of the 
amplifier. At this terminal, in addition to showing 
level, the output of the indicator actuates an alarm 
circuit which operates when the transmission level at 
this point varies from normal for a set interval of time 
by more than a prescribed amount. This delay action 
in the operation of the alarm provides selectivity 
against slight interference into the pilot channel from 
currents on the other channels of the system and 
thereby insures that the alarm indicates a definite level 
change. 

The pilot channel thus insures that the high frequency 
portion of the system is continuously checked with the 
exception of the individual channel band filters and 
modulator and demodulator units. These, however, 
are particularly stable in operation and require no 
unusual attention in maintenance. Of course, the 
over-all check is made at only the pilot frequency in 
each direction. Variations of line equivalent caused by 
weather changes increase in magnitude with frequency. 
Therefore, corrections must be made in the gain rela- 
tions of the individual channels whenever these weather 
changes are great. Fortunately the corrections follow 
a fairly definite relation with variations of pilot level 
and are ordinarily made by the terminal attendants on 
the channel potentiometers controlling the demodulator 
gain by reference to a table. This table shows the 
relations between the required gain changes at the three 
channel frequencies in terms of changes at the pilot 
frequency. 

The type of oscillator is essentially the same as that 
used in the type C carrier systems for producing the 
carrier frequencies. It is controlled by condensers 
which include an adjustable air condenser for tuning to 
the particular frequency desired. 

Two indicators are located at the repeater, one for 
each direction of transmission. Each indicator circuit 
consists of a vacuum tube rectifier operating from 
coupled tuned circuits into a d-c. milliammeter having a 
special scale calibrated in transmission units. The 
filament and plate currents and bias potentials are 
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obtained from the standard 130-volt battery. The 
advantage of using the same battery for the several 
functions is that it makes possible the stabilization of 
the rectifier output with power variations. An adjust- 
able grid bias voltage is obtained from the negative drop 
of the filament circuit with an opposing 3-volt dry cell 
battery connected in series. With this arrangement 
normal variations in the 130-volt source cause only a 
negligible change in the indicator meter readings. 

At the receiving terminal, in addition to the indicator 
circuit which is the same as at the repeater, an alarm 
circuit is provided as noted above. A sensitive margi- 
nal relay is connected in series with the indicator meter. 
When this relay operates, it starts the delay circuit by 
removing ground from the grid condensers of the alarm 
tube. The leakage through the grid resistances then 
causes the condenser potential, which is the grid poten- 
tial of an auxiliary rectifier tube operating from the 
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same power source, to decrease slowly, resulting 
eventually in a rise in the current of the plate circuit of 
the alarm rectifier tube. If the marginal relay remains 
operated for a given length of time, the alarm tube 
plate current will rise to a value necessary to operate the 
alarm relays. For shorter periods of operation the 
normal highly negative grid potential of the rectifier 
tube is restored and no alarm is operated. The timing 
of the delay circuit is adjusted by the values of the grid 
leak resistances and condensers. A delay of about 15 
sec. is usually employed which effectually prevents false 
operation due to occasional transients such as speech 
interference. The adjustment of the contacts on the 
alarm relay is ordinarily such as to cause an alarm to 
be given at limits of + 1.5 TU variation. 


GENERAL TRANSMISSION CONSIDERATIONS 
Lines. The typical open-wire telephone line con- 
sists of a number of 10-ft. crossarms spaced two ft. 
apart on poles whose height varies from 30 ft. upward 
depending on local conditions. The poles are spaced at 
an average interval of 130 ft. Each crossarm carries 10 
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wires. The wires are normally spaced at 12-in. inter- 
vals, except in the case of the so-called pole-pairs which 
straddle the pole and whose wires are about 18 in. apart. 
(See Fig. 9.) The construction includes pins and glass 
insulators for supporting the wires. 

There are three gages of wire in common use in the 
telephone plant, having diameters of 104, 128, and 165 
mi., respectively. The largest gage, 165-mil pairs 
naturally afford the lowest attenuation and have been 
generally used in connection with the application of 
the longer systems. The pairs of this sized conductor 
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are, however, now fairly well used up for carrier purposes 
and new installations are being made more often on 
the smaller diameter circuits. 


Typical attenuation curves for the three gages of 
wire and the extremes of weather conditions are given 
in Fig. 10. It will be noted that the wet weather 
attenuation may be as much as 40 per cent higher than 
the dry weather attenuation. These variations are 
greater at the higher frequencies. 


It is interesting in this connection to consider the 
effect of the possible variation in a practical case. 
Take, for example, a 165-mil pair 200 mi. long with a 
carrier channel frequency at 25 kilocycles. This means 
a total attenuation of 20T Uindry weather and 29T Uin 
extremely wet weather, a variation of 9 TU or a current 
ratio of about 3 to 1. In the case of a still longer line 
these possible variations present rather startling figures. 
For example, in a 1000-mi. circuit the variation would 
be five times the above or 45 TU, which would mean 
that if the circuit were set up to have a proper volume 
of transmission in dry weather and rain occurred over 
the whole line it would cause the speech at the receiving 
end to drop to but 1/180 of the desired volume if the 
proper readjustments of gain at the repeaters and 
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terminals were not made, Fortunately, these line 
variations occur gradually, at least in the case of the 


longer lines. . 
In connection with most carrier installations mea- 


installation of the apparatus. An interesting picture is 
presented in Fig. 11 which shows the attenuation varia- 
tions with time on a particular line (about 110 mi. in 
length) during the period in which a storm arose to 
cause the attenuation to increase. Later, when the 
insulators had dried off, the corresponding drop in atten- — 
uation is evident. From these variations it is quite 
obvious that means such as afforded by the pilot channel 
are needed to insure that the talking circuits provided 
by the carrier channels remain at substantially constant 
volume. 

In addition to the improvement in stability effected 
by the use of pilot channel apparatus, substantial — 
advances have been made in the design and application 
of special types of line insulators in which the high- 
frequency losses, particularly in wet weather, have been 
appreciably reduced resulting in still further improve- 
ment in stability. The attenuation data given above 
are for the lines equipped with the older standard types 
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of telephone insulators, which are still employed on the 
majority of circuits in the telephone plant. However, 
the newer types of improved insulators are now being 
applied and their use makes it possible to reduce the 
wet to dry weather attenuation variation by a factor 
of about 3 to 1 and to reduce the absolute value of 
attenuation at the higher frequencies by as much as 
25 per cent. Further information describing the 
development work which has made possible these 
improved insulators will be made available at a later 
date. 


While the circuits employed for the transmission of 
4. High-Frequency Measurements of Communication Lines, 


H. A. Affel and J. T. O’Leary, A. I. E. E. Transactions, Vol. 
XLVI, 1927, p. 504. 
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_ carrier telephone systems as noted above, are largely 
of open-wire construction, where these circuits pass 
through the more populated districts of the country 
it is frequently necessary to insert sections of cable. 
The smaller closely spaced wires of cables make the 
problem of attenuation at high frequencies more serious, 
_ even where the cables are relatively short, say a mile 
or so in length. Typical attenuation curves of non- 
loaded cable pairs are shown in Fig. 12. 

_ ‘This situation has led to the development of a 
special type of cable loading which permits making a 
substantial reduction in the attenuation for the higher 
frequencies and which also makes the characteristic 
impedance of the cable circuit more closely simulate 
that of the open-wire circuit so that the reflection 
effects discussed in detail later are thus greatly reduced. 
This is important, for, whereas the open-wire circuit 
characteristic impedance varies from 600 to 700 ohms, 
the non-loaded cable impedance is of the order of 130 
to 150 ohms and the reflection losses and also certain 
resultant cross-talk effects as discussed later are therefore 
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very substantial for even short lengths of non-loaded 
cable. The present standard types of carrier cable 
loading systems* provide for the use of loading coils 
spaced at intervals of approximately 930 ft. When 
loaded, the cable circuits have a characteristic impe- 
dance loosely approximating the open-wire impedance 
over the frequency range used in carrier transmission. 
_ This same carrier loading also greatly improves the 
_ characteristics of the voice circuit. The high-frequency 


attenuation is reduced to approximately one-half the 


non-loaded condition. A special type of cable loading 
_ is also available for use in improving the transmission 
_ characteristics of office cable and wiring and very short 
intermediate and entrance cable. 

External Interference. The carrier channels are un- 
_ usually free from noise due to extraneous induced cur- 
rents. This, however, is the result of attention to this 
_ factor in the design of the apparatus and in laying out 
_ 5. Thomas Shaw and Wm. Fondiller, “Development and 
_ Applieation of Loading for Telephone Circuits,” Bell System 
Tech. Jl., April 1926, pp. 221-281. 
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the installations rather than anything inherent in the 
high-frequency feature as such. Our experience has 
indicated that it is possible, if care is not taken, to 
have interference from the following external sources: 

a. Harmonies of power frequencies. 

b. Irregular frequencies produced by abnormal 
power line actions, such as arcing insulators, charging 
lightning arresters of certain types, electric railways, 
series street lighting, etc 

c. Power line carrier systems. 

d. Powerful transoceanic radio transmitters. 

e. Lightning and other atmospheric disturbances. 

In the matter of harmonics of the power line fre- 
quencies, the source of their generation normally limits 
them to very low magnitudes in the high-frequency 
range which has been employed for carrier systems on 
telephone lines. In this respect the carrier systems 
are, in general, affected to a lesser extent than the 
normal telephone circuits in the voice range. In the 
latter case, the power circuit harmonics frequently 
present serious interference problems because the 
harmonics in the power circuits are substantially 
greater at the lower frequencies. 

Under particular conditions, however, such as, for 
example, in connection with a series street lighting 
system operated with individual series transformers or 
auto-transformers, where a burned out lamp causes the 
saturation of the transformer magnetic circuit, induced 
harmonics of considerable magnitude, up to30,000 cycles 
and over, have been measured in the earrier telephone 
circuits. Under the same conditions, however, much 
larger harmonics are present in the voice-frequency 
range, so that the induction in the normal telephone 
circuit is more severe than the carrier circuit. 

A much more severe source of carrier interference 
has been found to result from the abnormal actions of 
power line circuits in which arcing phenomena occur. 
Interference of this sort has been noted and traced to 
such sources as arcing insulators, tree leaks, pantograph 
and trolley collector sparking, charging lightning arrest- 
ers, unusual commutator or slip-ring sparking, switch- 
ing, ete. In the early days of operation of carrier 
systems, interference of this type formed a not uncom- 
mon source of disturbance. The situation was rem- 
edied in some cases by cooperation with the power 
companies concerned. On the whole, this source of 
interference has been greatly reduced in the past few 
years. 

On occasions the carrier telephone systems have been 
interfered with by power line carrier systems operating 
on near-by power lines. Considering the wide-spread 
use of power line carrier telephone systems and the 
fact that they normally involve a transmitting power 
many times that of the systems described in this paper, 
this would, no doubt, be a more common source of 
difficulty were it not for the fact that such power 
systems adjacent to the telephone systems are operated 
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well above the frequency range of the telephone line 
carrier systems. 

Energy picked up from the high-power transoceanic 
radio telegraph stations, transmitting at frequencies in 
the carrier range, is an occasional source of interference, 
particularly in the East where carrier systems are lo- 
cated relatively close to the radio stations. The 
open-wire telephone lines act as long-wave antennas 
and intercept the radio energy. This, of course, enters 
initially on the longitudinal wire circuit to ground. 
Due to residual line unbalances, some energy is, how- 
ever, unavoidably passed on to the metallic circuits 
on which the carrier systems are operated, and enters 
the speech channel in the form of a tone or note similar 
to a heterodyne signal at a radio telegraph receiver. 

Lightning and general static disturbances form a 
substantial part of the background noise which is found 
on all carrier lines. Its general magnitude is ordinarily 
small, except under certain conditions such as the case 
of near-by storms. 


Transmission Levels. In the design and laying out 
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of type C installations, the transmission level of a 
system is ordinarily not permitted to fall below a certain 
figure, which under particular circumstances might be 
about — 25 TU, with respect to the transmitting ter- 
minal. A transmission level diagram will serve to 
explain this limitation. 

Let it be assumed that it is desired to effect carrier 
transmission using a type C-N system between points 
A and B, 240 mi. apart on 165-mi. conductors. The 
highest frequency channel is normally considered, 
which in this case would be 26 kilocycles. The total 
attenuation of the line at this frequency, as determined 
from the line attenuation data already presented, would 
be 35 TU for wet weather conditions of operation. A 
level diagram would accordingly picture the situation 
as noted in Fig. 18. At point A, sufficient transmitting 
gain would be provided by the equipment to bring the 
sending level to + 20 TU. The line attenuation in 
connection with transmission over the 240-mi. circuit 
at point B would bring the level to— 15 TU. In order 
to obtain an over-all talking circuit of, say 10 TU, it 
would be necessary to operate with a receiving gain 
of 5 TU. It will be noted that in this particular layout 
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the minimum line level is well above the limit set above. 
In fact, computations would indicate that the line 
circuit might be extended to the total length of about 
300 mi., before the level limits would be exceeded. 
On longer lines, however, involving many repeater 
sections, the level limits are raised because of the cumu- 
lative effect of noise entering the circuit from a greater 
number of sources. 

The line circuit illustrated is of the simplest type 
and in a practical case involving sections of intermedi- 
ate and terminal cable construction, the attenuation 
would be considerably greater and the effective geo- 
graphical distance covered for a particular type of 
apparatus would, therefore, be less. 


Cross-talk. Telephone circuits which are simul- 
taneously operating in close proximity on a pole line 
are normally subject to cross-talk because of the mutual 
inductance and capacity relations between the wires. 
The problem which this presents in a pole line structure 
carrying many circuits requires careful consideration, 
even where the frequencies are no higher than the voice 
range. The problem. is cared for by the application 
of transposition systems, 2. e., arrangements whereby 
the effect of these relations between the circuits tends 
to be canceled out by transposing the wires constituting 
the two sides of a circuit in an orderly fashion. These 
transposition systems are carefully designed and the 
transpositions to be applied in each circuit specified.® 


When using still higher frequencies for carrier pur- 
poses, this problem is correspondingly increased as the 
mutual relations tend to become greater at higher fre- 
quencies. The phase changes as the currents progress 
along the lines are more rapid for the higher frequencies. 
The design of the transposition system capable of per- 
mitting the simultaneous operation of a number of 
carrier systems on the same pole line is a difficult 
problem. The subject is one of great complexity and 
to give it complete consideration would require more 
space than is available here. It may be noted, however, 
that, by means of special transposition layouts installed 
in the circuits being used for carrier transmission, suc- 
cessful operation is being obtained with a large number 
of carrier systems on the same pole line, both telephone 
and telegraph. The locations of transpositions in cir- 
cuits used for carrier transmission occur more frequently 
than in circuits restricted to operation at voice fre- 
quencies, in some cases as frequently as every other 
pole. 


Several factors in the apparatus design have contrib- 
uted in lessening the degree of hardship imposed by 
the cross-talk problem: 


1. The standardization of arrangements whereby 
the same frequencies are only employed in a given 
direction on systems on the same pole line. 

6. H. 8S. Osborne, The Design of Transpositions for Parallel 


Power and Telephone Circuits, A. I. E. E. Transactions, Vol. 
XXXVII, 1918, p. 897. 
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2. ‘The equalization of the transmission levels 
between paralleling systems. 

3. The use of “staggered” frequency allocations for 
systems in closest proximity. 

4. A careful consideration of impedance relations 
in the line circuits and apparatus. 

Frequency Directions. The importance of the use 


' of a separate frequency for each direction of trans- 


mission may be considered by reference to Fig. 14. If 
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there are two paralleling telephone circuits employing 
frequencies f; in the same range, and if there exists 
between the two circuits a certain amount of cross-talk, 


when there is a talker at the terminal of one system 


(No. 1) and a listener at the same terminal of the 
other system (No. 2), then the speech from the talker 
at the high level will enter directly into the sensitive 
receiving circuit of the listener. This is commonly 
called ‘‘near-end”’ cross-talk. In the case of a carrier 
circuit, the transmitting terminal would involve a 
certain amount of amplification. The receiving circuit 
would likewise, so that the net effect would be that 
the cross-talk between the two circuits would be ampli- 
fied by the combined amount of gain or amplification 
present in the sending and receiving circuits. In 
telephone parlance it would be stated that this is a 
situation in which substantial level differences exist 
between the two circuits. 

On the other hand, in the case of two adjacent carrier 
systems employing the same frequencies for the same 
direction of transmission, across-talk situation involving 
only “‘far-end” cross-talk would exist, as illustrated in 
Fig. 15. This assumes that near-end cross-talk by 
reflection as discussed later has been eliminated. In 
this case the talker and the listener would be situated at 
opposite terminals of the paralleling circuits and the 
cross-talk, while being amplified like the near-end cross- 
talk by the total gain in the transmitting and receiving 
circuits, suffers the attenuation of the line circuit which 
more than offsets the amplification. This is, therefore, 
a very substantial factor in favor of the two-frequency 
method of operation. 
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At the carrier frequencies, it has been found impracti- 
cable to design transposition arrangements providing 
for systems where the same frequencies are transmitted 
in opposite directions. It has been found that, while 
the two-frequency operation may mean fewer two-way 
operating channels within the same frequency range 
on a single pair of wires than would be the case if the 
same frequency bands were provided for opposite 
directional transmission, the net result in the former 
case is to make it possible to obtain a greater number of 
channels on a pole line having many pairs of wires. 
The need for the directional coordination of frequencies 
has led to the general adoption of rules throughout the 
Bell System whereby the systems are all installed so 
that the low-frequency directional group of channel 
transmits east to west or north to south and the high, 
frequency directional group in the reverse direction, 
west to east or south to north. 

Level Equalization. A situation involving an ex- 
aggeration of the crosstalk between two paralleling 
carrier systems may, of course, arise, even in the case 
of systems involving the transmission of the same fre- 
quency in the same direction for the two systems, if the 
transmission levels of the systems are not the same. 
If, for example, two systems operating between the same 
terminals are set up to have the same over-all talking 
equivalent, and one system has a transmitting gain 
10 TU higher than the other, the second system must 
have 10 TU greater receiving gain in order to provide 
the same over-all equivalent. This would mean that 
this system would receive from the first system 10 TU 
higher crosstalk than if the levels of the two systems 
were alike. Efforts are therefore made in “lining up” 
the paralleling systems on a pole line so that as nearly 
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as possible the same level relations are obtained for 
all systems, and the crosstalk tendencies are thus 
minimized. 

Staggering of Frequency Bands. A substantial reduc- 
tion of cross-talk is obtained through the staggering 
of adjacent system frequency allocation as previously 
noted. Fig. 5 has shown the frequency allocations of 
the C—N and C-—S systems. Because present standard 
types of telephone transmitters and receivers have 
response characteristics which exhibit the greatest 
sensitivity in the vicinity of 1000 cycles, as the bands 
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of two adjacent channels are shifted from an overlapping 
position, the cross-talk is appreciably reduced. In this 
case, also, the overlapping cross-talking points are always 
opposite sidebands and the intelligibility is completely 
lost even in the case of a substantial overlapping. 

It is customary to install C-N and C—S systems on the 
two side circuits of a phantom group. The phantom 
group comprises four wires which are most closely 
associated electrically because they are employed not 
only to provide a telephone circuit on each pair of wires 
but a phantom telephone circuit each side of which is 
comprised of one pair of wires in parallel. 

A typical arrangement of facilities afforded by one 
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crossarm of the telephone line is illustrated by Fig. 16. 
It will be noted that this erossarm provides a total of 
twelve carrier telephone channels, five regular telephone 
circuits, two and one-half phantom circuits, thus 
making a total of 1914 telephone circuits. The tele 
graph facilities would total ten regular grounded d-c. 
telegraph circuits, one for each wire, and ten carrier 
telegraph channels on the pole pair, thus affording a 
total of 20 duplex telegraph channels. This is, there 
fore, an average of approximately four telephone chan- 
nels and four telegraph channels per pair of wires, which 
is obviously a fairly efficient use of the copper wire. 
Impedance. It is found desirable in connection with 
communication circuits in general to match carefully 
the impedances of the various circuit and apparatus 
components if for no other reason than to insure the 
best transmission by keeping the reflection losses at a 
minimum. In connection with carrier systems the 
matter of crosstalk constitutes an additional important 
reason for doing this. As noted above, the cross-talk 
situation is simplified by the standardization of fre 
quency arrangements by which only far-end cross-talk 
is normally received. This not only reduces the level 
differences at which cross-talk takes place as explained, 
but it simplifies the transposition design problem be- 
cause near-end cross-talk is normally greater in magni- 
tude than the far-end cross-talk. However, if the line 
circuit is irregular, 1. e., if there are abrupt impedance 
differences in the circuit as it passes from point to point, 
which bring about wave reflections, these may result 
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far-end cross-talk, thus adding to the true far-end 
cross-talk and making it more difficult to keep within 
desirable limits. For this reason every effort is made 
in the layout of the carrier limes to avoid such reflec- 
tion effects. This makes it desirable to load even 
The apparatus terminal impedances are also carefully 
designed so that their values simulate the characteristie 
impedance of the line circuits over which the systems are 
operated. 

Over-all Line Circuit. A situation sometimes occurs 
in a long carrier system where the line is made up of 


sections in which the wire pairs occupy different pin © 


positions in each section, and the voice circuit on the 
pair in which the carrier system operates is termmated 
at different points or perhaps joms other limes. The 
use of line filter sets at the intermediate points makes 
this arrangement possible. Special transfer line filter 
sets have also been designed where it is desired to 
transfer the carrier currents from one pair of wires to 
another without affecting the destination of the voice 
circuits and with a minimum impedance irregularity 
for either circuit. These lime filters are sometimes 
mounted on poles so that this transfer may take place 
where lines join at an outside pomt and where office 
equipment cannot be mstalled. A circuit arrangement 
illustrating the use of the pole-mounted high-pass 
transfer filter set is shown in Fig. 17. 


EQUIPMENT PROBLEMS AND TYPICAL INSTALLATIONS 
The increasing use of carrier telephony as a substi- 
tute for Ime construction in providing toll facilities on 


long circuits has, like the development of toll cables, 
resulted in further increasing the proportionof theplant 
offices. It has likewise required that a greater part of 
the maintenance effort involved in taking care of a 
given number of facilities be devoted to the equipment. 
These factors have made the design and arrangement 
of the carrier equipment matters of considerable 
importance. Recent developments in these respects 
have, therefore, been directed toward obtaining a high 
degree of adaptability of the carrier equipment to 
practical use in the telephone plant. Economies in 
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design have also resulted which have been an important 
factor in extending the usefulness of the equipment. 

The type C carrier telephone equipment is mounted 
on panels employing a uniform dimensional system in a 
manner similar to the other recent telephone develop- 
ments. Arrangements have been devised so that in the 
future this mounting method will permit the desired 
close association between the carrier filters and other 
related apparatus in the lines in order to minimize high- 
frequency losses and impedance unbalances within the 
offices. Signaling arrangements flexibly adapted to 
present plant conditions have been provided. 

The high frequencies and power levels used in carrier 
telephony, and the frequency conversion functions of 
the system are the-principal electrical factors which 
affect the arrangement and amount of equipment in- 
volved. The high frequencies necessitate careful wiring, 
shielding, and location of certain units with respect to 
others to avoid undesirable inductive and impedance 
effects. The modulation and demodulation processes 
and the high energy levels required necessitate the use 
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equipment are required at all points, and voice- 
frequency and signaling apparatus at the terminals. 

The total amount of equipment involved in a typical 
carrier telephone system shown in Fig. 18, exclusive 
of the power supply, includes altogether about 188 
panels assembled on racks equivalent to 14 bays’ and 
occupying a total floor space, including aisle space, of 
about 84 sq. ft. If the three channels which the system 
ordinarily provides were obtained by regular wire 
circuits, the office equipment might amount altogether 
to about 36 panels and 1.7 bays, occupying about 10 
sq. ft. Thus, in a typical case, about eight times as 
much office equipment, other than that for the power 
supply, might be required to furnish a given number of 
facilities by carrier telephony, in comparison with that 
needed for the equivalent number of ordinary wire 
circuits. 

Terminal Station Installations. The principal equip- 
ment groups comprising a terminal of a type C system 
are indicated in Fig. 19. <A typical assembly showing a 
majority of these equipment groups is given in Fig. 20. 
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of numerous vacuum tubes, with the consequent need 
of suitable sources of power. 

Typical System Equipments. As noted previously, 
a long carrier telephone system involves equipment at a 
number of intermediate repeater stations in addition 
to that at the terminals. Fig. 18 shows the principal 
equipment groups involved in a typical long carrier 
system. The particular system illustrated is one of 
those between Minneapolis and Chicago, with repeater 
stations at Waterloo and Dubuque, Iowa. The 
carrier repeater equipment is ordinarily additional to 
voice-frequency repeater apparatus used in the wire 
line as mentioned above and is connected so that the 
high-frequency currents for the carrier pass around the 
voice-frequency repeater. The wires concerned are 
employed also for d-c. telegraphy by the use of com- 
posite sets. 

The principal groups of equipment involved in such a 
system include the carrier sending and receiving equip- 
ment and filters at the terminals, the repeater amplifiers 
and filters at the intermediate stations, and the line 
equipment and pilot channel equipment at all points. 
In addition, power supply equipment and testing 


This does not include the signaling equipment, the 
pilot channel, or the power equipment. A rear view 
of this same assembly is shown in Fig. 21. 

Returning to Fig. 20, the right-hand bay contains the 
apparatus comprising two channel terminals. The 
middle bay includes the third channel apparatus, and 
the terminal transmitting and receiving amplifiers and 
directional filters which are mounted in the upper 
portion. The box-like units on both bays are the band 
filters and directional filters. On the right-hand bay 
the upper of the panels with three vacuum tubes is the 
modulator-oscillator panel of one channel. Below it is 
the demodulator-oscillator panel of the same channel. 
Below the latter and in the center of the bay is the jack 
mounting strip which makes it possible to disconnect, 
or switch for testing purposes, the various units of 
the complete equipment. The demodulator-oscillator 
panel and modulator-oscillator panel, respectively, 
are the next two panels of the second channel. The 
terminal strips will be seen at the top of the bays. The 

7. <A bay consists of two channel or I-beam uprights, ordi- 


narily about 1114ft. high, and spaced so as to mount unit panels 
19 in. wide and of varying height. 
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metal shields surrounding the vacuum tubes are useful alents, is assembled in a typical installation as shown 
for mechanical protection only. The testing and power in Fig. 22. This apparatus may be located adjacent to 
distribution equipment is located in the left-hand bay. the carrier terminal apparatus. The upper panel is 
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Typical ASSEMBLY OF System. (FRoNn'r) Typicat ASSEMBLY OF SysteM. (REAR VIEW) 


The pilot channel apparatus at the terminal station, the indicator unit with the indicator meter shown in the ) 
which is employed in regulating the performance of the upper center of the panel. The panel immediately i 
system to compensate for variations in the line equiv- below this is the alarm panel with its voltmeter relay. | 
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On both of these panels the associated vacuum tubes 
are mounted in the rear. The lowest panel is the oscil- 
lator panel with its vacuum tube and frequency control. 

Typical Repeater Station Installations. The equip- 
ment at each carrier repeater station consists mainly 
of the units indicated in Fig. 23. It is seen from this 


Fig. 22—Tyricat AssemBuy or Pinot CHannet EquieMENT 


In TERMINAL INSTALLATION 


figure that the principal items are the line filter equip- 
ment, the amplifiers, the equalizers, the directional 
filters, and the jacks provided for testing and patching 
the equipment. Pilot channel equipment, power 
supply equipment, and testing equipment are also 
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terminal station. The filters are also identical in type 
excepting that twice as many directional filters are re- 
quired at each repeater station as at each terminal. 

A typical complete installation of two carrier re- 
peaters with testing and battery supply circuits located 
in the bay at the left is shown in Fig. 24. The bottom 
panel on the left-hand bay isa reserve amplifier. Above 
this panel are the filament rheostats, telegraph instru- 
ments, jack panels, key panels for controlling the power 
supply, a panel containing a thermocouple and meter 
for testing, meters for reading currents and voltages, 
and finally the alarm relays. These last are operated 
by failure in the plate current in the amplifier tubes, 
thereby indicating when a tube burns out, or failure of 
either A or B battery supply. 

Each repeater bay in this case, Fig. 24, contains an 
auxiliary amplifier to increase the gain in the high- 
frequency group. From top to bottom the panels are 
input filters, auxiliary filters, equalizers, auxiliary 
amplifier, two regular amplifiers separated by a jack 
panel, and output filters. The arrangement of filters 
and equalizers is chosen to minimize any tendency 
toward inductive feed-back effects between the output 
and input circuits of any one repeater as well as cross- 
talk between different repeaters on adjacent bays. 

The pilot channel equipment at a carrier repeater 
station is similar to that employed at the terminal 
stations, excepting that the alarm and oscillator panels 
are not included. The alarm apparatus is omitted 
in this case, since it is not the practise to have the 
carrier repeater attendants readjust the carrier re- 
peaters to take account of line changes, excepting when 
instructed to do so by the attendants at the terminal 
stations where the alarm apparatus is installed. The 
pilot channel equipment at each repeater station thus 
consists principally of an indicator panel associated with 
the transmission circuit in each direction, which is 
assembled with the other equipment as previously 
shown at the extreme right in Fig. 24. 


included. The amplifier equipment in each carrier 
repeater, other than the 15 TU auxiliary amplifier, is 
identical with the group amplifiers employed in each 
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Line Equipment. Fig. 25 shows the principal line 
equipment units which are closely associated in effecting 
connection between the high-frequency circuit of the 
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carver system and the voleetrequency Nine, This 
equipment condming of the line filters, composite 
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together in one assembly and located as near as prac 
tieable to the other carrier equipment, A method of 
assembly which ia now under development is shown in 
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for two phantom groups, 


This compact method of assembling and wiring the — 


line equipment reduces the amount of office cabling 
required for the carrier and therclore reduces the pos- 
sibility of inter-system cross-talk between carrier 
systems within the same office, The cross-talk require 
ments in an office may be more severe than on the pole 
lines because the lev difference hetween circuits 
which operate on different pole lines terminating at the 
same Mice may be as much as 50 TU. Asan aid in 
obtaining the required electrical separation all high- 
frequency wiring is reduced to a minimum by segre- 
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gating and mounting together all line equipment 
amociated with a single creuit, No high-frequency 
circuits appear at the toll testhoard. The toll lines 
may be tested from the testhoard by means of trunks 
between the testhoard and the line equipment bays. 
All the carrier equipment is thoroughly shielded in such 
a manner that the separation between the equipment of 
any two systems is 120 to 125 TU, 

The carrier line equipment at a carrier repeater sta- 
tion is generally similar to that at the terminal stations, 
as previously shown in Fig, 26. At each repeater 
station, however, this equipment is provided in the 
lines in both directions, 
filters are employed at the repeater station, one 


Two types of low-pass line — 


BAe: cireuiis'in which both carrier and.-volee 
frequency repeaters are used and the other, which is 
less commonly used, for circuits employing only carrier 
repeaters and where the voice circuit continues through 
without 2 repeater. 

Voice-Frequency ond Signaling Equipment. The 
general function of the voice-frequency terminating 
equipment is to associate by means of a hybrid coil and 


a eae ee ee eee 


Tk See nee 
= > = 


—— awww | 
, 


TAL TEST Sone CRRIER Tua 


a eee 


Fic. 27—Scuematic or Voice-Ferquescy Cinccir ror 
Tree C Cagetzz TeLersone System 


network, the ordinary two-wire circuits in the telephone 
_ switchboard, including both talking and signaling 
functions, with the sending and receiving branches of 
each of the different carrier channels. The general 
_ arrangement of this equipment in the circuit is shown 
in further detail in Fig. 27. This includes the signaling 
equipment and makes provision for the connection of a 
balancing network. 


The use of a two-wire termination for the carrier 
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system is necessary because ordinary telephone cir- 
cuits at the switchboards, such as trunks, subscribers’ 
lines, etc., are of the two-wire type and the cord cir- 
-_ cuits for interconnecting these are of this type. Hence, 
such a termination of the carrier system makes it 
possible to connect it to other circuits with the same 
apparatus and in the same manner as with ordinary 

The signaling apparatus consists of a 1000-cycle 
ringer of the type which is employed on long voice- 
frequency lines. This is connected to the voice-fre- 
‘quency terminal of the carrier system in the same 
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manner as to other voice circuits. The use of 1000- 
cycle signaling with the carrier has been desirable in 
place of the more simple low-frequency signaling appara- 
tus used on shorter lines, since frequencies less than 200 
cycles are not efficiently transmitted. 

Fig. 28 shows a simplified diagram of this type of 
ringer. The transmitted signaling currents as im- 
pressed upon the carrier channel are of 1000-cycle 
frequency interrupted at a speed of 20 interruptions 
per second. This ringing current supply is obtained 
either from 1000-cycle generators or vacuum tube 
oscillators. Such currents, while in the voice-fre- 
quency range and thus capable of being transmitted 
readily, form a signal ofsufficiently distinctive character 
to permit separation from ordinary voice currents. 
Thus, practical freedom from voice interference with 
the receiving apparatus is obtained, since this apparatus 
is designed to respond to very small currents of this 
character but to discriminate sharply against other 
currents. 

Tests and Adjustments of Apparatus. For the purpose 
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of testing and “patching” (7. e., interconnecting various 
equipment units in the carrier system), jacks are pro- 
vided as previously shown in Fig. 19. The equipment 
which is employed for testing and adjusting the carrier 
apparatus provides means for measuring gainsand !osses 
at the various frequencies encountered and includes a 
supply of testing current at these frequencies. The 
general arrangement of the testing apparatus provided 
for measuring gains and losses is shown in Fig. 29. 
This is assembled with the other carrier equipment as 
previously shown in Fig. 20. It consists chiefly of 
means for switching a known loss in the testing circuit, 
an attenuator, and a calibrated thermocouple type 
measuring instrument for determining the value of the 
current transmitted through thisapparatus. The 1000- 
cycle current is used for practically all testing of the 
terminal apparatus. 

The testing equipment at a carrier repeater station 
is arranged in a manner similar to that at the terminal 
stations, as previously shown in a general way in Fig.29. 
It requires in addition, however, a carrier-frequency 


omillator. Only high-frequency currents are trans- 
mitted through the carrier repeater, hence the 1000- 
cycle supply employed at the terminals where modula- 
tion and demodulation of these carrier currents occur, 
is not useful in testing the repeater equipment. 

It is customary to make periodic tests of the equip- 
ment. On the longer circuits’ each day the channels 
are “lined up” for the required over-all transmission 
equivalents, At less frequent intervals the vacuum 
tubes are checked for emission, the gains of the sending 
and receiving branches are measured, the carrier syn- 
chronism is checked, ete, 

Vacuum Tubes, Two principal types of vacuum 
tubes are employed in this system. One of these is the 
so-called L tube, This tube has a filament circuit 
requiring a current of approximately 0.5 ampere 
with a voltage drop of 4.0. It has a pw of 6.5, and a 
normal plate current, when used as an amplifier with a 
B voltage of 130 and a C biasing potential of 8, of about 
6,5 milliamperes, 

Vor the output stage of the amplifier a higher capacity 
tube is employed. This is a so-called O tube having 
a pw of about 2.5, a filament current requirement of 
approximately one ampere at a voltage drop of 4.5. 
The normal plate current when used as an amplifier 
with a grid biasing potential of 22 and a plate potential 
of 130 volts is from 17 to 35 milliamperes. 

In addition to the above the pilot channel uses a 
low-filament current tube. This tube has a p of 8, a 
filament current of 0,060 ampere, and a filament voltage 
drop of 8 volts. The normal plate current when used 
as an amplifier with a grid biasing potential of 7 volts 
and a plate potential of 130 volts is approximately 
0,008 ampere, 

‘he tubes employ oxide coated filaments and have 
heen designed to be especially long lived to meet daily 
24-hour service requirements, 

Power Supply. The power required for the carrier 
equipment is taken from the telephone office supply 
where this is adequate. Usually the 24-volt central 
office power plant is suitable for the purpose, and the 
130-volt, supply for the plate circuits of the tubes is 
taken from the same batteries provided for telephone 
repeaters if available. The carrier requirements, how- 
ever, may amount to a substantial addition to the load 
on the power plant, particularly where several carrier 
systems are installed in a relatively small office. 

The amount of power required for a typical carrier 
telephone system is substantially larger than the 
usual telephone power requirements for the same num- 
ber of facilities. Hach system terminal requires 
approximately 8 amperes at 24 volts and about 400 
milliamperes at 130 volts. The power required for 
each carrier repeater amounts to about 4 amperes at 
24 volts and 250 milliamperes at 130 volts. Thus the 

8 W. H. Harden, ‘Practises in Telephone Transmission 


Maintenance Work,” Bell System Tech. Jl, Vol. 4, Jan. 1925, 
p. 26-51, 


AFFEL, DEMAREST, AND GREEN 


Bd 


Transactions A. I. E. E. 


total power required for one three-channel system 


with two intermediate repeater stations would be in 
the neighborhood of 24 amperes at 24 volts and 1.3 
amperes at 130 volts, amounting altogether to about 
750 watts. This corresponds roughly to the amount of 
power consumed by about 80 telephone repeaters, so 
that the total power required for three such carrier 
systems would be about equal to that required for a 
cable repeater station having between 200 and 300 
repeaters. Assuming 2 or 3 repeaters in a typical 
voice circuit, the carrier systems are seen to require 
over ten times as much power as voice circuits in provid- 
ing the same facilities. 

The best results are obtained with the carrier systems 
when very close regulation of this power supply is 
maintained. About + 1 volt for the 24-volt supply 
and + 5 volts for the 130-volt supply are desirable 
limits of variation. Means for obtaining such regula- 
tion are added as required to the existing power plant. 
In the larger offices this may consist of a duplicate 
battery with full-floating operation. In the smaller 
installations, a relay regulating circuit may be added 
which controls the filament current as the voltage 
varies from 20 to 28 volts. This consists of a sensitive 
voltmeter relay arranged with accessory relays to cut 
resistance in and out of the individual filament supply 
circuits as the voltage varies. 


DESIGN OF CARRIER APPARATUS 


Many will, no doubt, be interested in the further 
technical details of some of the more important units 
of the carrier system. 

In the development of the apparatus considerable 
preliminary work was necessary to determine the circuit 
requirements imposed upon the individual units. For 
example, preliminary to the design of the filters, labora- 
tory studies were made to find what interfering fre- 
quencies might be expected in a channel and what 
attenuation the different filters must offer at various 
points in the frequency range, in order that the system 
should provide speech of satisfactory quality and free- 
dom from interference. Asaresult of such work, it was 
possible to make the requirements of the filters no more 
stringent than absolutely necessary, thus keeping the 
cost down to a minimum while insuring adequate 
performance. Preliminary studies were also made on 
the other parts of the system such as modulator, de- 
modulator, oscillator, ete. In the descriptions which 
follow, no attempt has been made to describe this 
preliminary work, the discussion being limited to the 
requirements imposed, and the circuits devised to meet 
these requirements. 

Modulator and Transmitting Oscillator. A_ circuit 
drawing of the modulator is shown in Fig. 30. It may 
be considered that the function of the modulator is to 
translate the voice frequencies along a frequency scale 
to some assigned location in the band of frequencies to 
be occupied by the carrier system. The carrier fre- 
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quency controls the location of the shifted voice band or 
sideband, and the oscillator, which provides this fre- 
quency, is made an integral part of the modulator unit. 
The modulating process requires a circuit element 
having a non-linear response characteristic to produce 
the sideband from a combination of the carrier and 
voice frequencies. In this circuit the three-element 
vacuum tube is operated to give this required 
characteristic. 

Since the carrier is not transmitted in the type C 
system, each modulator and demodulator becomes a 
complete and independent frequency changing unit. 
As previously noted the frequency stability of each 
oscillator must be sufficiently good so that the carriers 
of the corresponding modulator and demodulator units 
will differ but slightly in frequency so as not to affect 
unfavorably the speech which is transmitted. In this 
connection both naturalness of the received speech and 
intelligibility must be considered. In the type C 
system satisfactory results have been obtained by 
holding the difference between the carrier frequencies 
of any two associated units due to all causes to within 
about 20 cycles. 

The usual causes of frequency variation are fluctua- 
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tions in the A and B battery supply, and changes in 
temperature and humidity. Vacuum tubes have to be 
replaced periodically and differences in the tube char- 
acteristics may cause a slight variation in the frequency. 

The type of oscillator circuit was chosen to furnish 
the greatest frequency stability with variations in 
power supply, particularly in the plate battery. Fluc- 
_ tuations in the filament current are reduced by the use 
of ballast resistors to a point where they do not ap- 
preciably affect the oscillator frequency. 

In order to maintain stability with temperature and 
humidity changes, it was necessary to develop circuit 
elements, (primarily the inductance in the oscillating 
circuit) which were not greatly affected by these vari- 
ables. As a result the oscillators vary less than 10 
cycles per second at the highest carrier frequency with 
power variations within the limits of plant maintenance, 
and havea frequency temperature coefficient of approxi- 
mately 0.002 per cent per deg. fahr. This corresponds 
to about one cycle per second per deg. fahr. in the 
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highest frequency units used in the type C system. 
The temperature difference between offices containing 
terminal equipment seldom exceeds 20 deg. fahr. 

An extreme change in frequency of 20 cycles per 
second may be encountered with different tubes. 
Maintenance experience has shown that it is usually 
unnecessary to check the synchronization of the modula- 
tor and demodulator carrier frequencies more often 
than once a week, unless tubes are replaced or some 
other unusual circuit change occurs. 

The modulating tubes are placed in a push-pull 
arrangement, and the carrier voltage is applied to both 
grids in phase and the suppression of the carrier fre- 
quency secured by a differential connection of the output 
transformer windings. It is difficult to suppress com- 
pletely the carrier and a limit is set upon the amount 
which can be allowed on the high-frequency line without 
causing interference between systems. This limit 
requires that the carrier flowing out from the modulator 
should not exceed approximately 500 microamperes. 
With varying conditions of power, the balance of the 
modulator cannot be maintained absolutely constant, 
so that to insure meeting this requirement under the 
worst conditions it is necessary to adjust the balance 
under normal conditions to a point where the carrier 
has been reduced to about 150 microamperes at the 
output of the modulator. The sideband current 
flowing at this place in the circuit is ordinarily of the 


order of 2000 microamperes. Adjustment of the 


carrier balance is made by changing the condenser 
across one-half of the input circuit, and by selecting 
tubes. 

A further requirement imposed on the modulator unit 
is that of gain stability. In order to maintain suffi- 
ciently constant transmission over a circuit there must 
be a high degree of inherent stability in all those units 
whose variations are not included in the indications of 
the pilot channel. The modulator and demodulator 
are the only units in this category. 

In the modulator and demodulator the principal 
factors tending to cause instability of gain are the 
variations in plate and filament battery where these 
occur and changes in the tubes during their life. A 
characteristic behavior of the modulator described 
below has been used to advantage in minimizing this 
instability. The gain of the modulator for varying 
values of the carrier voltage passes through a maximum 
near the point where the grids of the modulator tubes 
are driven to a positive potential, with respect to the 
filament. The output from the carrier oscillator will 
increase with increasing plate potential, and due to the 
above characteristic may be made to compensate some- 
what for the tendency of the gain of the modulating 
tubes to increase. Fig. 31 shows the change in gain of 
the modulator circuit when the plate potential of either 
the oscillating or modulating tubes is changed 
independently. With these arrangements the total 
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variation in the modulator or demodulator gain, due to 
the fluctuations of power supply, does not usually 
exceed + 0.25 TU. ‘The possible variation due to tube 
differences is somewhat larger, approximately + 0.7 
TU. This is not serious since tubes are ordinarily 
replaced when a system is out of service, and the gain 
can be readjusted before the system is restored to 
operation. 

Another requirement which the modulator must meet 
is one of transmission quality or equality in transmis- 
sion gain at various frequencies in the voice band. 
The modulator should not limit the band of frequencies 
which is to be transmitted over the system. The 
characteristics of the transformers and the impedance 
in which the output of the modulator is terminated 
are the controlling factors in the quality of the modu- 
lator. A typical characteristic of modulator gain with 
frequency under ideal termination is shown in Fig. 32. 
In the type C system the effect of the band filter 
impedance is to cause a variation in this characteristic 
of approximately 5 TU at 2800 cycles. 

The final requirement placed upon the modulator 
relates to the energy level which must be handled. It 
should not be possible to overload the modulator 
seriously with the amount of power produced by a 
subscriber’s set at the transmitting toll testboard level. 
With a given modulator circuit, this requirement 
can be met by designing the input transformer with 
the proper turns ratio. 

The following paragraphs give a more detailed de- 
scription of the actual circuit which has been developed 
to meet the above requirements. 

The voice-frequency circuit is through the hybrid 
coil to the terminals of the input transformer. The 
resistance placed across the input circuit is to improve 


A-MODULATING TUBES AT CONSTANT PLATE POTENTIAL 


B-OSCILLATING TUBE AT CONSTANT PLATE POTENTIAL 


CHANGE /N FRANSMISS1ON GAIN 


120 130 140 
PLATE POTENTIAL 


Fig. 31—Mopvutator Gain—ReEwation To Puate Porentiau 


the impedance terminating this branch of the hybrid 
coil, and thus improve the terminal impedance looking 
into the hybrid coil from the voice-frequency line. 
The condenser C-—1 is inserted in series with the primary 
winding of the transformer to improve the transmission 
characteristic of the circuit at low frequency. This 
condenser resonates with the inductance of the primary 
winding, increasing the voltage across the primary at 
low frequencies where the modulator input circuit tends 
to become less efficient. The two windings of the 
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secondary side of the transformer are separated by by- 
pass condenser O-2, as they are at different potentials 
from ground, due to the series connection of the fila- 
ments of the vacuum tubes. The variable condenser 
C-8 affords a means of balancing the carrier-frequency 
potentials. Condenser C-4 is one-half the maximum 
capacity of C-8 in order that carrier frequency unbal- 
ance in either side of the circuit may be compensated 
for to a sufficient degree by means of the one adjustable 
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condenser C-3. The voltages, LH, and E:, provide the 
grid bias for the modulating tubes V-1 and V-2. The 
condensers C—5 and C-6 provide a low impedance path 
around the source of biasing potentials for the carrier 
frequency, and condenser C—7 in the plate circuit per- 
forms the same function with respect to the plate 
battery. 

In the oscillator, the condensers C-8.and C-9 to- 
gether with the inductance of one winding of the trans- 
former 7-4 form the oscillating circuit. C—9 is made 
adjustable to compensate for manufacturing variations 
in the inductance, and to provide in addition a certain 
flexibility in frequency adjustment. A grid bias for the 
oscillating tube is provided by the grid leak-condenser 
combination G. The plate battery is connected 
through the retardation coil L-1, which presents a high 
impedance to the carrier frequencies, and prevents their 
flowing through the plate battery. The carrier current 
in the plate circuit divides between two paths, one 
through R-2 the feed-back resistance to the grid cir- 
cuit, and the other through R-8, the output resistance, 
and the transformer T-2 which impresses the carrier 
voltage on the grids of the modulating tubes. The 
filaments of the tubes in the modulator circuit are wired 
in series, and the current flow is regulated by a ballast 
resistor B. . 


Figs. 33 and 34 show the front and rear views of the 
modulator panel. The adjustable condensers which 
control the carrier frequency and the carrier balance are 
accessible from the front of the panel. In the rear view, 
the oscillator circuit occupies the left-hand side of the 
picture. The oscillating transformer is in the upper 
left-hand corner, with the oscillating condensers directly 
below it. The feed-back and output resistances are 
connected across the top of the panel. The oscillating 
tube is left of the three tubes, and the carrier input 
transformer is below it. The voice input transformer is 
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to the right of the carrier transformer, and the output 
transformer is located in the upper right-hand corner. 
A metal cover fits over the complete panel at the back 
to provide electrical shielding and mechanical pro- 
tection. All outside connections to the panel are made 
through the terminal block in the lower right-hand cor- 
ner. Wires supplying power, together with those which 
are at a low a-c. potential with respect to ground, are 
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run in a cable, while wires at a high a-c. potential are 
run directly from point to point in as short a path as 
possible in order to reduce losses resulting from the 
capacity of these wires to ground. 


Demodulator and Receiving Oscillator. The circuit of 
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the demodulator shown in Fig. 35 is in many respects 
similar to that of the modulator. The function per- 
formed by the demodulator is also similar, being a trans- 
lation from a high-frequency band to a lower instead of 
the reverse. 

The oscillator which supplies the carrier to the demod- 
ulator is of the same type as the modulator oscillator, 
and has been discussed in connection with that circuit. 
No adjustable feature for balancing the carrier is re- 
quired in the demodulator circuit. The carrier sup- 
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pression needed in addition to the suppression inherent 
in the balanced circuit is provided by the low-pass 
filter at the output. If the carrier is not sufficiently 
suppressed, it will pass into the voice circuit or across 
the hybrid coil into the associated modulator, causing, 
in some channels, an objectionable beat tone. 

The transmission stability of the demodulator is 
obtained by the same methods used in the modulator 
since the performance of the two circuits is similar, and 
the transmission quality requirement is essentially the 
same for both units. A typical demodulator character- 
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istic is shown in Fig. 36. This characteristic at the 
higher frequencies is controlled by the low-pass filter. 

One feature which is required with the demodulator, 
but not with the modulator, is a variable control of the 
transmission gain of the circuit. Due to the unequalized 
transmission of the line section adjacent to the terminal, 
or other differences in the channel equivalents, the three 
sideband currents normally arrive at a receiving termi- 
nal with unequal strength. A potentiometer con- 
trolling the gain of the demodulator permits of an 
equalization of the over-all losses on the three channels. 

In the following detailed description of the demodu- 
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lator circuit, other minor differences between it and the 
modulator may be pointed out: 

The sideband frequencies enter the demodulator, 
passing to the potentiometer P-1, which controls the 
amount of current to the input transformer T-1. The 
position of the carrier input transformer T~2 is some- 
what different in the demodulator circuit as compared 
to the modulator circuit, due to the difference in the 
high-frequency characteristic of the T-1 transformers. 
In the modulator, this transformer must be designed 
primarily to transmit voice frequencies. It has a com- 
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paratively large capacity to ground which would reduce 
the effective carrier voltage on the tube grids if it were 
placed in the same circuit position as is the demodu- 
lator transformer. The function of most of the circuit 
elements is evident from the previous description of the 
modulator. The C-1 and C-2 condensers provide a 
low-impedance path for the carrier frequency. They 
are necessary here because the transformer T—3 designed 
for high efficiency at voice frequencies has considerable 
leakage inductance which would present a high 
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impedance to the carrier in the plate circuit if the con- 
densers were not provided. Of course, for the maximum 
gain, the impedance of this circuit should be a mini- 
mum at carrier and sideband frequencies. At the out- 
put, a low-pass filter structure F provides for the sup- 
pression of the unwanted products of demodulation. 

A front view of the demodulator unit is shown in Fig. 
37. The panel layout and general appearance is simi- 
lar to that of the modulator. The two dials shown con- 
trol the demodulator input and the oscillator frequency, 
respectively, as indicated in these figures. 

Filters. The general function of a band filter is the 
selection of a band of frequencies, and the protection of 
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this band from interfering frequencies located on either 
side. The filters determine what band width is trans- 
mitted, and thus tothat extent, they control the quality 
of speech which may be obtained through the carrier 
circuit. The type C system transmits a band corre- 
sponding to approximately 200 to 2700 cycles per second 
in the voice range. 

In considering the requirements imposed upon the 
band filters it is necessary to keep in mind? the fact that 
the modulator produces not only the particular side- 

9. R. V. L. Hartley, ‘Relation of Carrier and Side Bands in 


Radio Transmission,”’ Bell System Tech. Jl., Vol. 2, April 1923, 
pp. 90-112. 
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band which is to be transmitted but also an unwanted 
sideband of the same volume as the wanted sideband 
and equal to it in width, located on the opposite side 
of the carrier frequency. In addition to these products 
of modulation there are produced other frequency 
bands, the important ones occupying sideband positions . 
about the harmonics of the carrier frequency. See 
Fig. 38. 

The first requirement on the band filters is imposed 
by the need of suppressing the unwanted sideband to 
prevent distortion when the carriers are out of synchro- 
nism. The tests mentioned above in connection with 
the oscillator frequency stability were made with but 
one sideband transmitted. If both ,sidebands~—are 
transmitted the carriers must be exactly in synchronism 
or a ‘‘wobble”’ due to the demodulation of both side- 
bands can be detected. As this carrier difference in- 
creases, one sideband must be suppressed by an 
increasing amount. Fora carrier frequency difference 
of about 20 cycles, it is necessary to suppress the un- 
wanted sideband about 40 TU, thus reducing it to about 
1/100 of the strength of the wanted sideband in order to 
eliminate completely this type of distortion. This 
requirement can be met by providing the necessary 
attenuation in either the transmitting or the receiving 
band filter, or by making the sum of their attenuations 
equal to 40 TU. 

In a multi-channel system in which the transmitted 
sidebands are close together, the suppression of the 
unwanted sideband is necessary for another reason. 
The unwanted sideband from one channel overlaps the 
wanted sideband of an adjacent channel and would be 
demodulated and appear as “cross talk” into this 
channel if it were not suppressed by the transmitting 
band filter. The suppression needed is determined by 
the amount of interference which can be tolerated from 
one channel to another. It has been found that to 
meet this requirement the transmitting band filter 
must suppress the unwanted sideband about 60 TU. 
The other modulation products mentioned above must 
also be reduced by the transmitting band filter to a 
value which will not cause interference in any channel 
into which they might pass. The discrimination 
requirement for these frequencies is less severe because 
the magnitude of these modulator products is not so 
great. 

A particular termination is required at the end of the 
filter which is connected to the modulator. In order to 
get the maximum sideband power out of the modulator 
used, the impedance of the associated band filter, seen 
from the modulator, must be made low over the range 
of voice frequencies. 

With the channels placed close together and coor- 
dination of different types of systems depending upon 
the channel locations, it is important that the band 
filters remain constant after manufacturing and that all — 
filters of the same type be manufactured to meet close 
requirements. For proper coordination between sys- 
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tems, it has been found desirable to keep all the channel 
bands within + 125 cycles of an assigned location. 
In the higher frequency channels, this means that the 
filters must be manufactured to a frequency accuracy 


_ of the order of 1% of one per cent. 


The attenuation requirements for the receiving band 
filter are somewhat different from those of the trans- 
mitting band filter. The purpose of the receiving band 
filter is the suppression of the frequencies of the ad- 
jacent channels as they are received over the line. 
In contrast to the transmitting filter, which must sup- 
press the unwanted frequencies produced in its own 
channel, a filter with somewhat different characteristics 
could be used, therefore, for a receiving filter. While 
the requirements were determined separately for the 
receiving and transmitting filters, it was desirable in the 
interest of manufacturing economy to build both alike, 
setting requirements on the basis of a double purpose 
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filter.. Thus, this filter had to provide attenuation at 
each frequency to meet the more severe of the require- 
ments for either the transmitting or the receiving 
position. Fig. 39 shows the transmitting characteristic 
of a typical filter designed to meet the requirements 
outlined above. 

As has been explained, the grouping of the channel 
bands in opposite directions requires the use of so-called 
directional filters at terminal and repeater points 
These filters occur in the circuit in pairs, each pair 
consisting of one high-pass and one low-pass filter. 
The cut-off point of the filters is determined by the 
type of system in use—C-—S or C-—N and its corre- 
sponding “grouping point.” At repeater points, the 
filters are split for each direction in order to provide 
selectivity at both the output and input circuits of the 
amplifiers. 

Considering the closed circuit through the two ampli- 
fiers and the four directional filters, the attenuation in 
this loop must be considerably greater than the sum of 
the gains of the two amplifiers at all frequencies. In 
the regions outside of the carrier frequencies, the margin 
between attenuation and gain is made about 10 TU. 
For frequencies in the carrier range, this margin must 
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be still greater to prevent distortion which becomes 
objectionable when circulating currents of any size are 
allowed to exist. This “feed-back” effect will also 
affect the repeater input impedance, and because of the 
necessity for closely controlling this characteristic, 
the margin between gain and attenuation is not per- 
mitted to be less than 25 TU at any frequency used for 
transmission in either direction. The impedance of 
these filters on the line side must match the line im- 
pedance closely in order that no considerable reflection 
of the carrier currents can take place at this junction 
point. 

As previously mentioned, due to modulation, the out- 
put of an amplifier contains other frequencies in ad- 
dition to those which compose the input, so that cross- 
talk is to be expected between some of the channels. 
The amount of cross-talk which appears at the far end 
depends upon the ratio of the sideband currents to the 
interfering currents produced in the amplifier, the 
measurement being made at the repeater output. 
The near-end cross-talk, however, is dependent upon 
the level difference between the strong output of the 
one amplifier and the weak input to the other. Those 
frequencies which may give trouble in the channels at 
the near end enter the returning circuit at the amplifier 
input,—a point where the sideband level is very low. 
To put the near-end cross-talk on the same basis as the 
far-end, the output directional filter must introduce 
enough attenuation in its non-transmitting range to 
make up this level difference. This attenuation is 
increased until the near-end cross-talk due to this cause 
is appreciably less than the far-end. 

The output current of one amplifier may be 30 TU or 
more stronger than the input current to the amplifier 
for the opposite direction, and the directional filter at 
the input of this second amplifier must offer sufficient 
attenuation to the output currents of the first so that 
they will not contribute materially to its load. 


Fig. 40 shows the selectivity characteristics of the 
two directional filters. 

A pair of filters having important functions is the 
line filter set which, as has been noted, acts to separate 
the carrier currents from the regular speech currents 
on the common line circuit. It consists of a high-pass 
and a low-pass filter paralleled on the line side. Cur- 
rents entering these terminals from the line circuit pass 
through the high-pass circuit, to the carrier apparatus, 
or through the low-pass circuit to the circuit terminal or 
repeater. The transmission characteristics of these 
filters are shown on Fig. 41. It will be noted that fre- 
quencies above approximately 3300 cycles are trans- 
mitted in the high-pass circuit, and frequencies below 
about 2800 cycles are transmitted through the low-pass 
circuit. In addition to those which are normally in 
use for carrier transmission, it is common to equip a few 
line circuits with line-filter sets. This makes it readily 
possible in case of an emergency, or for other reasons 
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to use the spare wires thus equipped for carrier 
transmission. 

Non-linear effects may be produced in the coils and 
condensers in the circuit. The design of the filter parts 
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must be made so that these effects will be a minimum. 
This requires the use of non-magnetic cores in the coils, 
and also that the containers be of non-magnetic ma- 
terial. Condensers in magnetic containers must be 
located so that they will not lie in the field of the coils, 
and thus contribute to the modulation products. The 
modulation in the line filters, telegraph composite sets, 
and office and cable loading units must also be 
considered, 

As already mentioned, care has to be exercised in the 
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mounting of filters belonging to different systems in the 
same office, so that no cross-talk will be introduced from 
one system into another. A _ considerable level 
difference may exist between two filters of different 
systems, and it may be desired to mount these filters 
on adjacent bays. In order that the cross-talk between 
these two systems may be kept within desirable limits, 
the separation between the filters must correspond in 
attenuation loss in some instances to the order of 120 TU, 
or one partina million. To meet this exacting require- 
ment, the filters are totally incased in sealed copper 
boxes, the leads being brought out through small holes 
to terminal blocks. 

Amplifiers. As previously mentioned, the amplifiers 
employed with the type C system at the terminals are 
identical with those used with the repeaters at inter- 
mediate stations. Therefore the following is aPrlicable 
to both cases: 

The number and size of tubes needed to deliver the 
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necessary output level or power are largely controlled 
by interchannel cross-talk requirements. With the 
grouping frequency arrangement, the three bands which 
transmit in the same direction are amplified in a com- 
mon circuit. In passing through the common amplifier, 
the different sideband frequencies must not react upon 
each other to produce other frequencies of sufficient 
magnitude to cause interference. For example, second 
harmonics of the lowest band frequencies lie within the 
range of the highest channel in the lower group. If 
these harmonics are permitted to become too great, 
troublesome noise will be present in the highest channel 
when speech currents flow in the lowest. In order that 
this interference or cross-talk may not become excessive, 
the tubes used in this amplifier must be made of ample 
power capacity. This example of interference caused 
by the second harmonic shows the desirability of using a 
push-pull amplifier in carrier repeaters because of its 
property of balancing out second order effects, which 
in a single-tube or unbalanced circuit are the largest of 
all the modulation products at the usual loads. 

The currents from the three channels enter the carrier 
amplifier shown in Fig. 42. The circuit consists of two 
stages; the first stage of two tubes, the second of four of 
higher power rating. The gain is controlled in 2-TU 
steps by the adjustable potentiometer in the input. 
The gain frequency characteristics for different potenti- 
ometer settings are substantially flat within a small 
fraction of a TU over the range of any channel. 
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The amplifiers for the two directions are of slightly 
different design, each amplifier being arranged for a flat 
characteristic over its own group of frequencies. It 
has been stated that the load capacity of the amplifier 
is limited” by the modulation products which increase 
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with the load. Fig. 48 shows the amount of second and 
third harmonics produced in a typical repeater with 
varying single-frequency output. By connecting the 
tube in push-pull instead of in parallel, the second 
harmonics have been reduced by about 15-20 TU. 
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When the alternating voltage applied to one grid is 
positive with respect to the filament, that on the other 
grid is negative. Since the even order products are 
proportional to an even power of the input voltage, 
these currents will flow through the high-side winding of 
the output transformer non-inductively producing no 
flux in the transformer, and hence no current in the low- 
side windings. To realize this ideal condition, the two 
currents flowing in the output transformer windings 
must be equal in amplitude, and 180 deg. out of phase. 
Since the plate current is a function of a number of 
tube constants, like amplitudes can be obtained in 
several ways. Tubeswhich will give the same harmonic 
current may therefore be selected; that is, tubes in 
which the net effect of the several factors is the same, 


CONCLUSION 

Use in Telephone Plant. The carrier systems are 
meeting successfully and economically the requirements 
of long distance telephone service. From what has 
already been written, however, it is evident that by its 
nature, the apparatus is complex and to a fair degree 
expensive, so that for the relatively short distances, it is 
cheaper to string additional wire. The exact distance 
beyond which it is more economical to employ carrier 
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Other products of modulation, as well as the second and 
third harmonics, increase with the output and thus the 
power which can be taken from the amplifier under the 
operating conditions is limited, as these effects are 
likely to result in interchannel interference. 

40. F.C. Willis and L. E. Melhuish, “Load Carrying Capac- 


ity of Amplifiers,” Bell System Tech. J1., Vol. 5, October, 1926, 
pp. 573-592. 
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methods is obviously dependent upon the circumstances 
surrounding each particular case. Systems are operat- 
ing for distances of 150 mi. and upwards. 

Often where there are longer haul continuous physical 
circuits on the same line traffic growth requires ad- 
ditional circuits for the shorter distances. In such 
cases, it is not uncommon to break up the long-haul 
physical circuits into sections to satisfy the short-haul 
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circuit growth and to install a carrier system to meet the 
long-haul needs. 

The growth of the use of carrier systems has already 
been pictured. How the systems are distributed over 
the lines of the Bell System is shown on Fig. 44. The 
heaviest density of use occurs in the middle and western 
sections and in general where the circuit demand and 
growth have not reached the large figures required to 
justify the installation of toll cables. The section west 
of the Mississippi, in particular, is a promising field for 
the application of carrier systems. 

Future. While the type C system satisfies those 
circuit-growth demands for moderate- and long-haul, 
there has remained undeveloped a considerable field for 
carrier methods over the shorter distances where hither- 
to only wire stringing has been economical. Very 
recent developments have resulted in the trial and early 
field applications of a simple single-channel carrier 
telephone system designed particularly to meet these 
shorter-haul demands and thereby to secure the greatest 
practicable economy in providing facilities by carrier 
methods in the Bell System. Naturally it is finding its 
most extensive use in the sections of the telephone plant 
where the shorter circuits predominate. Because of the 
fact that the type D system development is only now 
being completed, it was thought desirable in the present 
paper to confine attention to the long-haul system 
(type C) and to defer the presentation of the detailed 
information on the short-haul development until a 
somewhat later date. 

While since the beginning of their u use, about ten years 
ago, considerable progress has keen madein the develop- 
ment and application of the-e carrier systems, there is 
still much to be done in the matter of simplifications 
_ and further use of the high-frequency spectrum. Auto- 
matic pilot channel arrangements are being tested 
whereby manual maintenance costs can be reduced. 
Further developments are anticipated in the matter of 
transposition arrangements to permit an open-wire 
line to carry multi-channel long-haul carrier systems on 
most of its pairs. While the systems now in use in the 
field employ frequencies no higher than approximately 
30,000 cycles, frequencies considerably higher than this 
can undoubtedly be economically employed. 
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Discussion 


C. S. Demarest: Certain points in connection with the 
development of the equipment referred to in the paper are per- 
haps of sufficient interest to warrant a few further remarks. 

The amount of carrier telephone equipment in the plant of 
the Bell ‘System is becoming quite large in those sections of 
the country in which open-wire circuits predominate. Approx- 
imately 150 systems are now in service on the longer circuits 
and the number is growing rapidly. In some installations this 
equipment, together with the repeaters and other associated 
apparatus of generally similar character, may comprise a con- 
siderable part of the total equipment other than the switchboards. 

The satisfactory functioning of this equipment is vital to the 
service which the carrier system performs, since it is the basic 
means of providing the speech channels for additional facilities. 
Certain of the wiring and equipment arrangements affect both 
the performance of the systems and their practical application. 
Consequently, the details of these arrangements have required 
careful consideration. 

Some of the problems have had to do with the matter of 


providing effective electrical separation between apparatus - 


units and between wiring, while at the same time permitting 
assembly arrangements which would be desirable for plant use. 
The relatively high frequencies and large power-level differences 
occurring in the carrier systems, as compared with those en- 
countered at voice frequencies, have necessitated some special 
provisions in this regard. Level differences as great as 50 TU, 
amounting to a power ratio of 100,000 to 1, may sometimes occur 
between apparatus units desired to be located closely together. 

With ordinary telephone apparatus it has often been the 
practise to wire many individual apparatus units to terminals 
at a central distributing frame, in order that interconnections 
between units might be readily changed. With that part of the 
carrier apparatus involving high-frequency currents it has been 
desirable to modify this practise. The line equipment, for 
example, has been grouped together in one assembly and none 
of the individual apparatus units in this group has had wiring 
brought out to the distributing frame. This has reduced con- 
siderably the total length of the wiring per circuit within the 
central office, with consequent reduction in the losses and im- 
pedance variations which may be caused by this wiring. This 
has been a factor of some importance at carrier frequencies 
because of the relatively large capacitance per unit length of the 
office wiring as compared with the outside line wires. 

Crosstalk between circuits which might occur in the; wiring 
between apparatus units in this portion of the equipment is 
effectively prevented by using shielded cable. Special pre- 
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cautions are needed at the points in the high-frequency circuits 
where the conductors may be exposed electrically, even to a 
small extent. The connections between the lines wires and the 
group of apparatus comprising this line equipment are made at 
the top of the equipment bay by soldered connections to terminals 
arranged in rows less than 1 in. apart. Ordinarily, in voice- 
frequency circuits, the conductors in different phantom groups 
may be connected to adjacent rows of such terminals. In the 
ease of the high-frequency carrier circuits, however, it has been 
found desirable to use only alternate rows of terminals, the inter- 
vening rows being strapped together and connected to ground so 
as to form a shield between the others. Somewhat similar 
precautions have been found desirable in the wiring to the jacks 
in the jack panel for the line equipment. 

In order to permit mounting compactly the apparatus in the 
high-frequency portion of the circuit, it has been necessary to 
employ shielded units such as coils, etc. This has made it 
possible to locate such coils for separate circuits both on the 
front and back of the same panel. In the case of the filters, 
satisfactory shielding has been obtained only by assembling 
these in sealed copper cans, the ordinary removable can covers 
used in other telephone equipment being subject to sufficient 
leakage field at the junction point between cover and panel to 
make them unsuitable for filter use. With this type of shielding, 
the filters have been satisfactorily free both from crosstalk and 
from variations in characteristics due to the effects of surround- 
ing apparatus of different types. 

In caring for such requirements it has not only been necessary 
that the carrier telephone equipment should function satis- 
factorily of itself, but it has been essential that it should be ca- 
pable of being correlated readily and flexibly with the circuits and 
equipments of various types in the plant. It has been advan- 
tageous to employ for the carrier equipment the panel-type 
mounting and assembly arrangements generally similar to those 
now used for much of the other toll equipment. This has not 
only effected the desired uniformity in design, but has provided 
features particularly adapted to the carrier equipment itself, 
as in the case of the line equipment just mentioned. It has also 
afforded the desirable features of economy in floor space and 
accessibility for maintenance purposes. 


C. W. Green: One phase of this problem, the development 
of carrier systems, which I might amplify, is the question of 
crosstalk. The crosstalk between carrier systems on the same 
pole line is taken care of quite generally by transpositions. 
There is another problem, though, the crosstalk between the 
channels of a system, which requires attention in the develop- 
ment of apparatus for the carrier systems. 


The currents of the three channels pass through a common 
amplifier and the characteristics of an amplifier are such that 
there are produced in the output, harmonies of the input fre- 
quencies, frequencies which are the sum and differences of the 
input frequencies and other combinations of the input frequencies. 
The design of the amplifier has to be such that these products of 
modulation are kept down very considerably in order that the 
crosstalk between channels will not be troublesome. This 
requires that, by care in the design and operation of the carrier 
amplifier, these products of modulation be maintained at lower 
levels than are usually necessary in voice-frequency amplifiers. 

D. 1. Cene: As shown on Fig. 44, much use has already been 
made of type © carrier telephone systems on the Pacifie Coast 
and to points east now comprising 31 systems with 26,600 
channel-miles of circuits. Extensive additional applications 
are now being engineered. These systems have made a splendid 
record in actual performance and providing for the large growth 
in long-distance telephone service pending the orderly develop- 
ment of the cable network. One of the two leads between 
San Francisco and Los Angeles is now carrying eight systems (24 
channels) on two crossarms for a distance of 250 mi. This un- 
usual density of concentration was secured in this case without sac- 
rifice of the high quality and freedom from inter-system crosstalk. 


Superimposed High-Frequency Currents 
for Circuit-Breaker Control 
BY LEON R. LUDWIG: 


Asutiate, A. LE. E. 


Synopsls.—On railway or polyphase power systems having a 
mulliplietty of parallel Vines, there are unique possibilities in 
superimposing on the Vines a frequency of the magnitude of 500 
cycles, ogeher with the consequent apparatus), to gain selective 
prinecdion unser ah fault conditions. The principle suggested is to 
measure the tmpedanee of the power system with 500-cycde current 
and bhgh-frequency relays, so placed that under abnormal conditions 
the impedance of a faulty Vine, as measured by the rdays protecding 
that Vine only, 18 euffichently low to cause cirewit breaker operation. 

The advantages of such a proedcine system would be: 

1. Porfod sdectivity bdween parallel power lines, such that a 
foulty Vine may be isolated without disturbing other Vines. 


2. Instantaneous operation. 

2. Simultaneous operation of protective breakers at the two ends 
of a faulty line. 

4. Protection of the line against short circuits or faults, but 
the avoidance of breaker operation on heavy overloads when the 
current rush may be greater than at short circuit. 

5. A measure of the continuance of a fault, permitting automatic 
reclosing of circuit-breakere. 

This super-frequency control system brings to light a number of 
refreshing conceptions, and while it is not completely developed at this 
time, eufficient experimental work has been done to warrant pre- 
senting the resuliz as a matter of technical interest. 


THE CIRCUIT-BREAKER CONTROL PROBLEM 
NY relay or other type of apparatus called on to 
A control circuit-breakers automatically, must meet 
an increasing number of rigorous qualifications. 
In addition to causing the breaker to operate if exces- 
sive currents arise in the system to which it is applied, 
there is a number of other requirements which are 
essential, or desirable, all or some of which must be 
fulfilled, depending on the system. 

First, the system to he protected may consist of 
parallel feeders, any of which is liable to a fault. Should 
one of the parallel feeders become faulty at any point, 
it is essential that this feeder be disconnected from the 
system by opening circuit-breakers at both of its ter- 
minals, but parallel feeders should remain undisturbed. 
This desirability of perfect selectivity between parallel 
conductors may, if the fault occurs near one terminal, 
tax the ordinary relay beyond its limit of differentiation. 

An increasingly important requisite is the high speed 
of both relay and circuit-breaker operation. On power 
systems, the ability of protective apparatus to isolate 
a fault rapidly is an important asset in maintaining 
stability. The dynamic stability may be greatly 
increased if the time required to remove a fault is some- 
what less than that required for synchronous machinery 
to shift its phase angle appreciably. In case of nearby 
parallel telephone lines, telephone interference may 
dictate rapid isolation. 

On many systems having a widely divergent load 
demand, heavy-load currents may exceed short-circuit 
currents if the short circuit occurs with the minimum of 
generating capacity connected to the line. The control 
equipment must act to isolate the short circuit, but 
should not open the loaded line, a condition which 
precludes the use of plain overload relays. 

There are other desirable features of relaying systems, 
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three of which may be mentioned. Circuit breakers 
are frequently tripped to temporary faults, in which 
case, if the relay could determine the nature of the fault, 
the breaker might be again closed and normal conditions 
restored without the need of an operator. Automatic 
reclosing would be particularly advantageous if, with the 
circuit-breaker open, the relay could determine whether 
or not it might safely be reclosed. From the standpoint 
of telephone interference, a further requirement is the 
simultaneous operation of the circuit-breakers which 
are to open, or the avoidance of “‘cascade” operation. 
The third feature is a relay system which could be set 
and tested for proper operation without the necessity of 
actually placing a short circuit on the power system. 

A combination of the above problems has so strained 
the usual concepts of relay procedure that an entirely 
new basis of circuit-breaker control is desirable and may 
be found in the application of a superimposed high-. 
frequency current system. The purpose of the new 
system is therefore to extend the limitations naturally 
imposed by the use of normal frequency relays. 


DESCRIPTION OF THE SYSTEM 


The 500-cycle system consists essentially of a source 
of high-frequency power, a means for introducing it into 
the lines to be protected, means for obtaining selectivity 
in case of parallel lines, and the circuit breaker operat- 
ingrelays. Thesystem is equally applicable to a single- 
phase railway system or a polyphase power system. 
An application to a single-phase system may be de- 
scribed first for simplicity. In Fig. 1 is shown a 
grounded single-phase system, which may be a railway 
network. There are two parallel contact lines supplied 
with power from transformers located in three sub- 
stations. A circuit breaker is placed in each end of 
each contact line. 

The 500-cycle current is introduced into the system 
by a connection from the generator or power source to 
the ground side of the main transformer. The other 
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_ terminal of the power source, which is usually a small 
4 high-frequency synchronous generator, is connected to 
i ‘the ground. A high-frequency power source is neces- 
3 sary at each point in the network where power current 
F of normal frequency is supplied. To prevent the high- 
ecauency generator from being short-circuited by this 
- eonnection, a resonant device consisting of a condenser 
in parallel with an inductance is placed in the main 
_ power circuit between the point of connection of the 
{ generator and ground. The condenser and inductance 
_ are each designed to have the same reactance at the 


Fig. 1—Protrective System APPLIED TO A SINGLE-PHASE 
NETWORK 


high frequency, and therefore if their resistance is low, 
_ their combined impedance will be very high. Currents 
_ of normal frequency pass easily through the inductance, 
_ which has in itself a very small impedance. The 
_ parallel circuit may be referred to as a “blocking shunt.” 
. In order to gain selectivity between parallel lines, a 
_ device similar to the blocking shunt, though very much 
_ smaller, is placed in each end of each line. Its function 
; is purely as a line-impedance at the high frequency, with 
_ the advantage that considerable impedance may be 
_ obtained by the use of a very small reactor in this way. 
_ A high-frequency current will circulate in the parallel 
_ line-impedance which is proportional to the high-fre- 
_ quency current in the line. The relay itself may there- 
fore be connected to a current transformer placed in the 
_ condenser branch of the line-impedance. The con- 
denser will carry very little of the power current, 
which means that the relay will function solely on high- 
frequency current proportional to that in the line. 


{ 
DESCRIPTION OF OPERATION 


Normally, with no fault or load on the contact lines, 
the generated voltages of the high-frequency machines 
are equal and opposed. These machines will synchro- 
_ nize and there will be no appreciable current flowing in 

the contact lines. To further aid in keeping the volt- 
ages opposed, the generators are driven by normal- 

frequency synchronous motors, which will maintain an 
_ almost constant phase position. 

If a ground occurs at (a) on one of the lines, high- 
frequency current will flow from the generator through 
the main transformer to the contact line, then to ground 

through the fault, and return. An appreciable current 
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will therefore circulate in the resonant line impedance 
(1) and (2), sufficient in magnitude to trip the cor- 
responding relay. Some current will also flow from the 
generator B through the line (3-4), but this current will 
be less in magnitude because it must pass through 
three line-impedances instead of one as in the former 
case. Then the current in the parallel line will not be 
sufficient to trip the relays at (3) and (4). For similar 
reasons, the remaining relays in the adjacent lines 
will not be tripped. 

In case some form of load is connected to one of the 
contact lines—a locomotive for example—high-fre- 
quency current will flow to ground through the load, 
but will not be sufficiently great to trip any of the relays 
because of the load impedance. It is fundamental 
that the high-frequency current always provides a 
means of measuring impedance regardless of the net- 
work. Normal speeds of rotating machinery are so 
much below the high-frequency synchronous speed that 
practically no counter-voltage is generated at this 
high frequency. It is also usually the case that the 
blocked impedance of the load is high in comparison 
with line impedances, which means that there is a good 
margin of differentiation between heavy loads and short 
circuits. In brief, the high-frequency system may be 
looked upon as a network equivalent to that of the 


Fic. 2—Prorective System Appiizp To A THREeE-PHAsE 
NETWORK 


normal frequency except that all normal frequency 
rotating apparatus may be considered as blocked. 


POLYPHASE APPLICATION 


The means of using this apparatus on a polyphase 
system is shown in Fig. 2. The high-frequency 
generators must now be polyphase. Their current may 
be introduced in the neutral side of the main trans- 
former winding, three of the blocking shunts per power 
source being required. It is assumed that the main 
transformers are connected in star with a grounded 
neutral. Otherwise, the method of connection will be 
given later. If there are parallel lines, line impedances 
must be used as before. The principle of operation is 
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the same; namely, that the high frequency is introduced 
and the line impedances are so placed that the im- 
pedance measured by a given relay is the correct 
impedance to cause that relay to trip, provided there is a 
fault on the line it protects. By tracing the path of 
current in the diagram, it can be seen that a short 
circuit between lines (6: — 6) will cause a relay-actuating 
current to flow. 
DISCUSSION OF SPECIAL PROBLEMS 

The system depends so largely for its successful 
operation upon the parallel resonant circuits that special 
mention of their properties will be made. If the 
condenser and reactance are resonant at the chosen 
high frequency—500 cycles for example,—then at 25 
cycles the reactor will have one-twentieth of its high- 
frequency reactance. The condensive reactance will be 
increased twenty times at normal frequency, or 1/400 
of the load current will pass through the condenser. 
The reactor must be designed, therefore, to carry the 


Fie. 3—Sprrecrat Metuop or Inrropucine Auxiiary CURRENT 
Into a Linz 


load current. The impedance of the parallel device is 


2 
very nearly Z = in which z is the reactance of 
r 


either the condenser or reactor and r is the resistance of 
both. Practically, if x is increased beyond a certain 
point, r must be increased directly with it, or the im- 
pedance will vary as the first power of the reactance. 

It is easy to obtain an impedance of a few hundred 
ohms, which is sufficient for the blocking shunts, with a 
comparatively small reactor and a single condenser 
unit. The line impedances require about 40 ohms, 
which is very easily obtained. 

In certain networks the blocking shunts may serve 
another function than previously explained. It may 
be desirable to subdivide a complicated system into a 
number of simple high-frequency systems in order to 
measure the impedance of the simplified systems. The 
ability to do this by imserting the blocking shunts at 
predetermined division points, is very important 
because the most involved network may be resolved into 
a number of small networks for the purpose of facili- 
tating high-frequency relay protection. 
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There is a special problem also in getting the proper 
connection of the high-frequency power to the protected 
lines. To avoid imsulation to ground of the high- 
frequency apparatus the connection in Figs. 1 and 2 
is made on the low side of the transformer. This 
method is feasible because the reactance of a2 large 
power transformer is low. The transformer reactance 
is, in fact, helpful because the high-frequency system 
should be laid out in such a way that short ecireuits on 
the protected lines are loads, not short circuits, upon 
the protective system. In some cases, however, there 
are circuit breakers to be controlled at pomts where 
no transformers are used. In this event, the procedure 
is to make the connection as in Fig. 3. The condenser 
in the specially provided tap has sufficient reactance 
to prevent the normal-frequency currents from flowing 
to ground. The transformer reactance, plus the addi- 
tional reactance imserted in the generator cireuit, is 
sufficient to overcome the high-frequency reactance of 
the condenser, and the superimposed current may easily 
enter the limes. The transformer im the figure is very 
small, having the same rating as the high-frequency 
generator. 

In three-phase systems, the transformers may be 
delta-connected, or there may be noground. A high- 
frequency ground may be provided by connecting the 
neutral to ground by means of a condenser. Im case 
of the delta-connected transformers, the method of 
introducing the current shown in Fig. 3 may be used 
in three-phase form. 

There are a few special considerationsin the useof 500- 
eyele synchronous machines and the steps taken to keep 
them in phase opposition. The power required from 
these machines is that necessary to operate the relays 
and supply the high-frequency lmeloss. Two kilowatts 
are ample fora large system. -Machimes of this fre 
quency synchronize quite as well as those of lower 
frequency, provided too much reactance is not present 
between the two. The length of a section of lime to be 
protected is often sufficiently short so that the re 
actance between generators will not cause synchronizing 
difficulty. In case it does, however, the high-frequency 
voltage may be stepped up by means of a tramsformer 
In order to decrease the effective reactance. Normally 
the high-frequency potential need not be more than 


* 250 volts, though it may run much higher on long lines. 


Fig. 1 shows the generators driven by synchronous 
motors connected to the main power feeder. If this 
connection is made, there are two closed systems inter- 
connecting the motor-generator sets at two frequencies. 
If there is a difference in the phase angles of the voltages 
of power frequency at the two motor-generator sets, 
there must be flexibility im the imter-connection. 
This flexibility should oceur in the power-frequency 
side of the motor-generator sets and may be obtained 
by the use of a flexible coupling between the two 
machines of the set, or by placing reactance im series 
with the synchronous driving motors. Either of these 
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devices will aid in keeping the high-frequency voltage 
closely in phase. A synchronous driving motor has 
been selected because it permits the auxiliary generators 
to supply power at constant speed and frequency. 
The constant frequency is essential to prevent the 
parallel shunts and line impedance from departing from 
resonance. 

The final component of the system needing special 
discussion istherelay. In Fig.4,a500-cycle mechanical 
relay is shown which has two elements connected in 
series. The function of the relay is to trip if a rapidly 
rising current of sufficient value is passed through it. 
This limitation of a rapidly rising current is obtained 
by the use of the second element. The dashpot shown 
in the figure will slow down the second element whose 
function is to tighten the spring restraining the tripping 
element such that if the current rises slowly a very high 
value will be necessary to trip the main element. The 
purpose of using such a relay is to prevent synchronizing 
currents between the generators, which currents must 
rise slowly on account of the mechanical inertia of the 
generators, from causing the relay to operate. A 
second purpose is to “‘pre-set’”’ the tripping element as 
the load upon a section of protected line varies or as the 
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Fig. 4—Hiau-FREQUENCY 


generating capacity connected to the section of line 
varies. 

A vacuum tube relay may be substituted very nicely 
for the mechanical relay, with the advantage of in- 
creased speed. A relay used for this purpose is shownin 
Fig. 5. It is a neon-filled tube with a double purpose; 
first, to break down at a predetermined voltage in the 
manner of the well-known glow tube, and second, to 
pass a high circuit breaker tripping current as a mercury 
are rectifier. The two lower electrodes consist of 
mercury pools, and the upper electrode isa hollow metal 
cone. If the voltage between the upper electrode and 
the smaller lower one reaches a given value, a glow 
discharge occurs between the two, which causes a 
mercury arc to be formed between the upper and main 
lower electrodes. The tube is a further development 
by D. D. Knowles of the earlier Knowles’ Grid-Glow 
Tube. It is capable of momentarily passing a tripping 
current of a few hundred amperes. The entire action 
is very rapid. 
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The connections using the tube relay are shown in 
Fig. 6. The device at the left takes the place of the 
pre-setting element on the mechanical relay. The 
entire relay apparatus in this case operates from 
voltage, actually the voltage of the current transformer 
in the line impedance circuit with a high impedance 
across its secondary. The pre-setting device consists 
of a one-to-one transformer whose exciting current is 


Fig. 5—HieH-FREQqUENCY Vacuum TUBE RELAY 


obtained from a resonant circuit. The transformer 
connections are made in such a manner that the secon- 
dary voltage, under steady state, opposes the primary 
voltage and leaves zero voltage across the tube. 
During the transient, however, as a voltage is applied, 
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Fig. 6—Crrcuir Usine tHe Vacuum Tuspe RELAY 


the rise of the primary exciting current is very slow, 
and initially there is a voltage across the tube. Then 
the tube will operate if the voltage is rapidly increased 
to the breakdown point, but will not function with a 
slowly rising voltage. 

Mention has been made of the feature of automatic 
reclosing of circuit-breakers. If the circuit breakers 
in Fig. 1 are shunted with a condenser which will pass 
the high-frequency current only, with the circuit- 
breaker open, the high-frequency current will retain 
the relays in their operative position as long as the fault 
remains on the line. However, at any time that the 
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fault is removed, the relays will return to normal and 
permit the breaker to reclose. Such a connection 
would be advantageous if the protected system 1s 
liable to faults of short duration. 
RESULTS OF EXPERIMENTAL INVESTIGATION 

For the purpose of making an oscillographic study of 
the system, it was applied experimentally to an 11,000- 
volt test track contact line at the Westinghouse Works 
in East Pittsburgh. The experimental circuit is shown 
in Fig. 7. Four lines were used, and they were joined 
in pairs at one end in order to give two parallel lines 
with both terminals at the same location, the latter 
being for ease in testing. The lines were fed by 11,000- 
volt single-phase transformer banks at both ends. Two 
blocking shunts were placed in the grounded side of the 
transformers and a line-impedance was placed in each 
line. Arrangements were made so that a short circuit 
could be applied to either end of either lime. Vacuum- 
tube relays were placed on lines 1 and 4, and were 
connected to trip the circuit breakers A and B. The 


Power Source 
MAHTGAG HM 


sonra a1 


Reaclance 


apparatus was set up mainly to demonstrate speed of 
relay action and selectivity. 

From the previous description it is obvious that a 
short circuit at the end of the line is the most severe 
condition to meet. Selectivity is.most difficult to 
obtain, and there is the greatest danger of the auxiliary 
generators running out of synchronism with the short 
eircuit at this point. 

The first tests were made with high-frequency 
eurrent alone applied to the line. The relays may be 
properly set, therefore, without the application of 
power current, by placing short circuits at the various 
indicated points and adjusting the tube voltage so that 
it trips with a fault on line (1-4) but not with a fault on 
lime (2-3). The tube relay circuit was that shown in 
Fig. 6. In making these first tests the low-tension side 
of the power transformers must be short-circuited. 

The frequency used was 525 cycles obtained from a 
small rotating machine, at 250 volts. Standard oil- 
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filled condensers were used in the impedance circuits; 
the current transformers also were standard. The 
oscillogram in Fig. 8 was taken with a short circuit at 
the end of line 1. The lower element recorded the high- 
frequency current flowing from line to ground. The 
other two elements are a record of the current in the 
upper electrodes of the tube relays at l and 4. It will 
be recalled that both the circuit breaker tripping current 
(d-c.) and the high-frequency breakdown current flow 
in this electrode. The film, then, shows the high- 
frequency current superimposed upon the direct 
current. The d-c. component is similar to that which 
flows in the tripping coil of a circuit breaker, and 
the shape of the curve is familiar. The high-frequency 
component will be seen to gain in magnitude. The 
first tube operated two and one-half cycles, high fre- 
quency, after the short circuit occurred, and the second 
tube, two cycles later. 


A potential of 11,000 volts was then applied to the 
lines at a frequency of 25 cycles. A short circuit was 
placed on line (1-4) at 4, and Fig. 9 is a record of the 
short-circuit current in line (1-4) at 1 and of the current 
in the tube relay at the same point. There is no dis- 
cernible time lag from the instant at which the fault 
was applied to the instant at which the relay furnished 
tripping current to the breaker. The actual time, 
obtained from other tests, is about 1/2000 of a second. 
This time is independent of the point on the power 
frequency voltage wave at which the fault is applied, 
but will vary slightly, depending on the point of fault 
application on the high-frequency wave. The maxi- 
mum time is about one-quarter cycle, high frequency. 
Fig. 10 shows the breakdown voltage of the two tubes, 
from which it will be seen that the voltage reaches its 
maximum in one-quarter cycle. The striking feature 
of the films is that it is not necessary for the relay to 
wait until the power current becomes excessive before 
operating. It will be noticed that the speed is much 
greater with power current on the line, because of the 
initial charge of the condensers. Fig. 11 shows the 
short circuit and tube currents with a fault on the line 
(2-3). Neither tube operated, indicating the perfect 
selectivity. 


CONCLUSIONS 

In principle, super-frequency control has four in- 
herent characteristics which contribute to its value. 
First, high-frequency currents “know more about 
reactance” than those of low frequency, which means 
that the small differences in line reactance which de- 
scribe the distinction between a fault or normal load 
may be more easily detected with high frequency. 
In the second place, by the use of certain high-frequency 
blocking devices placed in the lines, a network having 
any degree of complication may be broken up into a 
number of simple networks at the high-frequency, 
each of which may be independently measured. This 
possibility provides a high degree of selectivity between 
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various lines, and independent isolation of faulty con- 
ductors without the drawback of time delay. 

The third characteristic is that, inherently, high- 
frequency currents reach their peaks or relay operating 
values more rapidly than those of normal frequency, 
thus insuring a high speed of relay operation. Finally, 
the high-frequency superimposed currents measure the 


ALONE 


ConpITION 
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pure impedance of a network, which is not possible 
with low frequency because of the counter-electromotive 
force of connected machinery. The advantage of the 
latter is an independence on the part of the superim- 
posed system of all conditions of loading previous to a 
fault, an advantage which enhances recognition of fault 
conditions. 

These inherent advantages lead to many possibilities. 
In general, the margin by which relays operate or do not 
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operate may be considerably extended. Furthermore, 
the elimination of many variables in the power circuit 
by the use of high frequency makes possible accurate 
and simple calculation of relay operating currents. 
There are no particularly new principles involved and 
the system is simple enough to make possible its appli- 
cation to many of the more complex problems in circuit- 
breaker control. 

A great many variations of this super-frequency 
control are possible, and have entered into experimental 
work and calculation. The system described has been 
used in an experimental way only, in order to demon- 
strate the soundness of its theoretical nature. The 
results obtained have been interesting and unique, 
and in themselves predict the future development of a 
super selective relay equipment. 


Discussion 


O. C. Traver: Mr. Ludwig’s paper is very gratifying, not 
only on account of its definite contents but because of the goal 
sought. In the hope that it may help in the final solution of the 
problem, some of the handicaps that must be overcome are 
mentioned below. 

Static and steep wave fronts will probably be very unwelcome 
on lines equipped with this protection. They might be expected 
to produce the requisite rate of rise to open the breaker on a 
perfectly good line. 

Higher system voltage and frequency also work their hard- 
ships, chiefly from the standpoints of costs of the condensers. 

The length of the trial line is not given. It is assumed from 
the general description to be relatively short. As the length 
increases the difficulties will multiply. Not only will the line 
reactance become objectionable, but to hold two 500-cycle 
generators in synchronism over a 100-mi. line, that is one-fourth 
eycle apart, would seem difficult. The greatest difficulties are 
apparent. 

The use of the rate-of-rise relay suggests that the 500-cycle 
generators might sometimes fall out of step. Such condition 
might be fatal to protection should a fault occur during that 
interval. 

The vacuum-tube relay, on its own account, is a very interest- 
ing development. It may not be as accurate as mechanical 
relays, but its speed will commend it, nevertheless. 

R. G. McCurdy: As Mr. Ludwig indicates in his paper, 
telephone engineers are interested in any developments which 
increase the speed of relay and circuit-breaker operation on power 
transmission circuits, as such developments tend to minimize the 
interference which may be caused on adjacent telephone lines, 
during periods of fault or other abnormal operating conditions. 

The schemes discussed by Mr. Ludwig, however, while 
obtaining a desirable result in improving conditions as regards 
interference under abnormal power conditions, may cause a 
considerable increase in noise interference on exposed telephone 
circuits under normal power-circuit conditions. It seems neces- 
sary that in order to make any superimposed high-frequency 
system function satisfactorily, the magnitude of the superimposed 
currents must be large as compared to the currents normally 
present on the power circuit in the same frequency range, It is 
evident, therefore, that the addition of such control currents 
employing frequencies in the range used for telephone trans- 
mission will increase the telephone interference factor of the 
power circuit and correspondingly increase the difficulties of 
coordination with adjacent telephone lines. Assuming 500-cycle 
voltages of the order of two per cent of the normal frequency 
voltage, as suggested in Mr. Ludwig's paper, this may result in 
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an inerease of the telephone interference factor of the power 
circuit of the order of 3 to 1. 

The efforts which have been carried along for the past few years 
on the part of the power and telephone companies have been 
effective in reducing both the influence of the power systems and 
susceptiveness of the telephone systems. It seems very im- 
portant that any developments for improving the operation of 
relay systems which would reduce interference under abnormal 
power conditions shall be worked out in some way which would 
not involve at the same time an increase in the influence under 
normal operating conditions. In the application of high-fre- 
quency relaying schemes to power circuits it seems important 
from the standpoint of inductive coordination that either (1) 
continuous use of the high frequencies be avoided and their 
application to the system be confined to the sections of line in 
trouble and for the period while the trouble persists, or (2) that 
the control currents, if continuous, shall be at such frequencies 
and power levels as not to interfere with adjacent communication 
circuits. It would appear that this latter arrangement must in 
general mean a considerable reduction of the incidental currents 
of the power circuits near the frequencies involved. 

D. W. Roper: I should like to inquire if this system can be 
used for the protection of lines that are entirely underground. I 
should also like to inquire how the system could be extended, 
if at all, soas to cover the most awkward case we have in our system 
in Chicago. 

The most awkward system we have for relay protection is on 
high-potential transmission lines between generating stations— 
perhaps I should call them tie lines. The stations are of a capac- 
ity of upwards of a hundred thousand kw. apiece. There are 
transformers at both ends, and the lines are all underground 
cable. The 12-kv. connecting cable may be a few hundred feet 
up to two thousand feet from the switch to the transformer. 
The high-potential transmission line 66 kv. may be something 
of the order of 10 or 20 mi., and then there is at the other end 
some 12-kv. cable up to, say, 2000 ft. in length. 

There are several systems which apparently work fairly 
successfully for opening the switches if the fault occurs on the 
high-potential line. The awkward case is where the fault occurs 
on one of the 12-kv. lines. 

I should like to inquire of the author if it appears feasible to 
extend the application of his system to this particular case. 

Paul MacGahan: The first impression obtained from the 
synopsis, and also from a superficial reading of the paper by Mr. 
Ludwig, is that in this superimposed high-frequency protection 
scheme there is a means which would be an improvement upon 
the present relay practise as regards transmission lines and 
feeders. 

I doubt very much whether the author of the paper had this 
in mind, because the applications described are apparently upon 
networks of trolley conductors such as for the more complicated 
railway electrification systems. 

It might be confusing to many, and result in unwarranted or at 
least premature hopes for further improvements in sectionalizing 
of feeders and transmission lines, to retain such an impression. 
While such a development might be possible in the future, it 
seems to me that the complications, such as, for example, in 
supplying an unfailing source of high-frequency power, syn- 
chronized on each bus, would be very hard to overcome and that, 
therefore, the proper place for this scheme of relay development 
is for cases that cannot be handled by means of the present 
highly accurate overcurrent time-element relays, and directional 
relays, or impedance relays. 


Since the invention by the writer of the well known reverse- 
power relay, consisting of a sensitive watt element, the contacts 
of which are in series with the contacts of the overcurrent 
element, together with the duo-directional contact idea, there 
have been many mechanical and electrical improvements in the 
relays themselves and a great experience built up in their proper 
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application, so that now there are few cases which could not be 
satisfactorily taken care of by the modern relays. 

G.B. Dodds: In working out the details of construction and 
application of the relay equipment used, considerable attention 
should be given to the reliability of this equipment so that its 
addition to the system will not create an additional hazard. 

This applies particularly to the construction of the blocking 
reactors and the manner of connection to the high-tension lines. 
In the past, considerable grief has been caused by the failure of 
choke coils connected in high-tension lines and the possibility 
of a recurrence of this experience should be carefully avoided. 

One question which comes to mind is the method of syn- 
chronizing the high-frequency generators located in different 
substations. Can this be done by the use of the existing power- 
frequency potential transformers? In connection with the 
question of synchronizing there is a question in our mind whether 
a dash-pot relay would be suitable to prevent operation on 
synchronizing current, as it has been our experience that dash- 
pot relays are not entirely reliable. 

The fact that a protective installation of this type can be tested 
in the field without actually drawing short-circuit current is 
greatly in its favor. Several power companies consider field 
testing of relay installations by actually grounding the lines 
very much worth while, and this testing would be very much 
facilitated in an installation of this kind. 

It occurs to us that in connection with a protective instal- 
lation of this nature some sort of back-up protection would be 
necessary, since if the protective equipment on a line failed to 
function, or a breaker failed to open and stuck in the closed 
position while a fault was on the line, there would be nothing to 
clear the fault from the system, as other high-frequency relays 
would not obtain sufficient current to operate. Of course this 
same situation exists in any type of balanced protection and is 
called to mind here only to point out that the current transform- 
ers used for the high-frequency relays should if possible be of 
such type that overload relays could be used in conjunction with 
them. 


As the author states, a great many variations of high-frequency 
control are possible and it is to be hoped that among these 
variations one will be found that embodies simplicity and reli- 
ability of equipment and operation along with reasonable cost 
and maintenance. The scheme described by the author has its 
possibilities and should be developed. 


D. W. Roper: I should like to ask the author if his scheme of 
relay protection is applicable to a case which is found in Chicago 
and other large cities. This case covers high-tension tie lines 
between generating stations in which the generators are operat- 
ing at about 13 kv., 3-phase. Transformers located at each 
generating station change the pressure from the bus voltage to 
the transmission voltage which may be from 2 to 5 times the 
generator voltage. The connections between the transformers 
and the circuit breakers in the generating stations, as well as the 
entire high-voltage transmission line are underground, lead- 
covered cables. The protection of the high-voltage transmission 
cable is not particularly difficult, but this can not be said regard- 
ing the lengths of about 1000 ft. of 13-kyv. cable at each end of 
the line forming the connections between the outdoor trans- 
formers and the oil circuit breakers. If a failure occurs on one 
of these cables at one station, for example, the oil circuit breakers 
at this station will be opened very promptly by the action of the 
relays; but if the relays at the other station are set low enough 
to operate under this condition, then they will also operate and 
open the line in case of through faults when there is no trouble 
on this transmission line. 

J. R. Coffin: (communicated after adjournment) The 
method which Mr. Ludwig has used for obtaining a source of the 
high-frequency current (see Fig: 1 of his paper) is to provide at 
each switching station a small synchronous motor-generator set, 
the motor being driven from the power frequency of the supply 
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line and the generator operating to produce the high-frequency 
control potential. 

The use of these small motor-generator sets involves: certain 
disadvantages which it is believed could be eliminated by the 
use of another method of producing the control frequency. 
These disadvantages are as follows: 

1. The problem of proper supervision and maintenance for 
these numerous small synchronous motor-generator sets would 
be serious, especially if used as indicated in a-c. railway trans- 
former substations, which ordinarily do not have skilled at- 
tendance. 


Single Phase - Zwire Transmission Sysfem 


Generating 
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_ 2. The problem of transient interchange of synchronizing 
power between high-frequency generators at adjacent substations 
has been covered by Mr. Ludwig in his paper. The presence of 
these transients requires the introduction of a certain amount 
of time delay into the relay system which would otherwise be 
unnecessary. 

3. The problem of sustained interchange of synchronizing 
power between high-frequency generators at adjacent sub- 
stations is also referred to in Mr. Ludwig’s paper. This inter- 
change of power arises because of the phase difference of the 
power frequency at adjacent substations due to transmission 
of load along the transmission system, which causes a phase 


displacement of the motors of the small motor-generator sets. . 


This phase displacement in electrical degrees would be carried 
over into the high-frequency generators and multiplied by the 
ratio of the frequencies, so that a relatively small phase dis- 
placement in the power frequency would give rise to a much 
larger displacement in the control frequency. For example, in a 
railway system operating at 25 cycles a phase displacement of 2 
deg. between adjacent substations in the 25-cycle frequency 
would cause a phase displacement of 40 deg. in the 500-cycle 
control frequency, which, of course, would result in a relatively 
large interchange of synchronizing power between the two high- 
frequency generators. In order to overcome this difficulty 
Mr. Ludwig has suggested the use of flexible spring couplings 
in the motor-generator sets. This would permit a reduction of 
the synchronizing power between adjacent high-frequency 
generators but it would quite possibly introduce other difficulties 
due to excessive hunting of the high-frequency generators. 

4. Any electrical fault which developed in one of the small 
motor-generator sets would appear to the relay system as a 
bus short circuit at the substation and in the absence of special 
protective devices would result in the isolation of the substation 
even though no real fault existed on the power system. ; 

The objectionable features just outlined could be avoided and 
advantages in the way of economy and reduced maintenance 
could be obtained by substituting a central source of high- 
frequeney potential for the individual motor-generator sets at 
the substations. Referring to the accompanying Fig. 1, which 
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for the sake of simplicity has been made applicable to a single- 
phase a-e. railway system, it will be noted that the small motor- 
generator sets have been eliminated and replaced by a single 
high-frequeney generator located in the main generating plant 
where presumably it would operate under the most favorable 
conditions as regards supervision and maintenance. This high- 
frequeney generator introduces into the transmission system a 
control frequency, the phase position of which at each substation 
is independent of the load which is being transmitted over the 
system. This control frequeney passes through the ordinary 
substation transformers and reaches the trolley system without 
the necessity of any special apparatus at the substation except 
the small resonant shunts which are used to operate the relays. 
There is no tendency for a flow of synchronizing power either 
transient or sustained between the various substations. Should 
any trouble develop on the control frequeney generator in the 
main generating station, the high-frequency potential would 
cease, and of course, the system would be left without relay 
protection until the control frequency was restored. However, 
the failure of the high-frequency generator would not in itself 
cause any interruptions or unnecessary cirecuit-breaker operations. 
A further advantage accruing from the use of a single high- 
frequeney generator at a central location is the possibility of 
employing more elaborate apparatus to ensure constant control 
frequeney. As the resonant circuits employed in this system are 
very sensitive to changes in frequency. difficulty might be ex- 
perienced due to changes in the power frequency if the two fre- 
quencies are mechanically connected through the motor-genera- 
tor sets. 

Fig. 2 herewith, shows the application of the same idea to a 
d-e. railway system with three different types of a-e.—d-e. 
substations. The simplest case would be a synchronous-con- 
verter substation, as the control frequeney would pass directly 
through the converter and no special apparatus would be re- 
quired except the relays and resonant shunts. In the ease of a 
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rectifier substation there would ordinarily be a reactance choke 
on the d-e. side of the rectifier which would prevent the passage 
of the high-frequeney control current. In this case the high- 
frequency control potential could be placed upon the trolley by 
the use of a potential transformer on the transmission line and a 
resonant filter cireuit applied to the trolley, this resonant filter 
circuit being designed to pass only the control frequency. An 
alternate method would be simply to by-pass the reactance choke 
with a resonant filter circuit, omitting the potential transformer. 
Resonant shunts for the relays would be required as in the case 
of the other types of substations. For a motor-generator sub- 
station the method of placing the high-frequency control poten- 
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tial on the trolley system would involve the use of a potential 
transformer on the transmission system and a blocking shunt in 
the generator lead. A resistance in the secondary circuit of the 
potential transformer would also be required. The blocking 
shunt would then short circuit any frequency which might be 
present in the transmission system except the control frequency 
and this control frequency would appear on the trolley system. 
Resonant shunts in connection with the relays would be required 
as before. 

In Mr. Ludwig’s paper it is assumed that the various loads 
which might be placed upon the transmission system would 
have relatively low admittance to the control frequency and 
therefore would not admit a sufficient amount of the control- 
frequency current to cause difficulty in discriminating between a 
load and a fault. This assumption seems to be open to question. 
Assume, for example, that the load is of the order of 10,000 kv-a., 
and that the source of high-frequency current is of about 10-ky-a. 
capacity. If the load consists of a transformer and synchronous 
motor it would have a 25-cycle leakage reactance of perhaps 30 
per cent on a 10,000-kv-a. base, which would give a 500-cycle 
reactance of 600 per cent on a 10,000-kv-a. base, or 0.6 per cent 
on a 10-kv-a. base, as compared with about 20 per cent in the 
high-frequency generator itself. The load would of course have 
no generated counter e. m. f. at 500 cycles. From these figures it 
seems that the load would appear substantially as a dead short 
circuit to the control system. This difficulty can be corrected 
by using a resonant blocking shunt in series with each 
load. : 


The use of a blocking shunt on the load suggests the use of a 
second control frequency for load indicating purposes. For 
example, in a railway system the locomotive could be equipped 
with a resonant shunt which would block the relay-control 
frequeney but pass the load-indicating frequency. The load- 
indicating frequency current could operate a relay which would 
energize the substation whenever there was a locomotive in the 
line section on either side and deenergize it when both line sec- 
tions were clear. Suitable interlocking arrangements between 
the two sets of relays to prevent energizing the substation upon 
the occurrence of a fault readily suggest themselves. As this 
system of automatic substation control depends only upon the 
position of the load and not upon its magnitude, it would not be 
subject to complications on account of locomotive regeneration. 

Fig. 3 in Mr. Ludwig’s paper indicates a method which might 
be used to introduce the control frequency into the line at a 
switching station where there was no transformer. It would 
seem that equally good results could be obtained with less com- 
plication by using a potential transformer and directional over- 
current relays of the usual type. The over-current element and 
the current coil of the directional element would be energized 
by the control-frequency current. The potential coil would be 
energized by line potential through the potential transformer. 
Hach element of the relay would therefore respond to the control 
frequency only. 


E. A. Hester: There is one point touched on by Mr. Dodds 
to which I should like to add a word, and that is the possibility of 
testing this particular type of protection without actually placing 
a fault on the system and drawing power current. 

In Pittsburgh, we have a network of about-the usual complica- 
tion and we have had a great deal of trouble with grounds. 
There was a time not so long ago when we tried to predetermine 
what would happen under various conditions and then set the 
relay for those conditions. Consequently, many things were 
overlooked and we had considerable trouble resulting from the 
operation of the wrong ground relay and often important cus- 
tomers might be shut down. 

Finally we decided the only thing to do was to put on actual 
fault to ground on the line and check the operation of the 
relays. This is usually done very late at night or at some time 
of minimum load and by pre-arrangement. Consequently, it is 
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a real hardship on our protection engineer in his organization to 
get every installation tested. However, within the past two 
years, we have actually tested most of the installations by putting 
a ground fault on the line and we have reached a degree of re- 
liability which we once thought we would never be able to reach. 
I do not mean to say that we have solved the protective problem, 
but we have found a way to achieve real results with the equip- 
ment now available. However, if some means can be found to 
eliminate the difficulties attending the making of arrangements 
to make tests at off hours it will be welcomed most heartily and 
the scheme described by Mr. Ludwig offers real possibilities. 


L. R. Ludwig: The points brought out in the discussion of 
this paper have been very well taken, and serve to clarify 
the problems which were encountered in the development of 
this system. 

Mr. Traver has properly stated that steep wave fronts may be 
unwelcome on lines equipped with this protection. They are 
harmless, however, if the high-frequency supplied energy is 
kept larger than the energy carried by these wave fronts. In 
tests, transformer-magnetizing-current transients and transients 
due to ares, have been deliberately obtained without causing 
faulty relay operation. Higher system voltages and frequencies 
do work their hardships, and it is possible that the major utility 
of this system will be found in its application to railway networks 
where voltages and frequencies are low, and the high degree of 
cireuit complication dictates comprehensive protection. The 
length of the trial line described was about seven miles. On 
such a line it is feasible, and cheaper, to synchronize the genera- 
tors. For long lines such a procedure would, of course, be im- 
practical, but unnecessary because two or more frequencies may 
be used with a modified circuit not described in the paper to 
obviate synchronizing. The rate-of-rise relay has a dual pur- 
pose as described, and will prevent relay operation in case the 
generators are somewhat out of phase, but does not imply that 
the generators are allowed to fall out of step, which is not the 
case. 


Mr. McCurdy questions the effect on telephone lines of the 
normal high-frequency currents. Assuming as he does a 500- 
eycle voltage of two per cent, the telephone interference factor 
is 30. He has apparently compared this with a factor of 10, 
which is the best obtainable with pure sine waves. In practise, 
because of transformer magnetizing currents, etc., systems 
operate with factors of 20 to 40 regularly. Furthermore, a two 
per cent voltage is high because the drop in the impedance 
shunts has been neglected. Also, the telephone interference 
factor does not tell the entire story, since obviously the ampere- 
miles of inductive effect cancel out with currents flowing into a 
section from both ends, and the through-feed currents are 
necessarily very small because of the impedance shunts. From 
these facts it is logical to reason that the problem of telephone 
interference is neither serious nor insurmountable. The problem 
is further simplified by the fact that the currents are hardly 
continuous because there are times of light load when practically 
no high-frequeney current will flow. The frequency of 500 
cycles, while low on the curve of telephone interference, may not 
be the best for ultimate use. 

Mr. Dodds has raised a necessary question in regard to apply- 
ing high-frequency apparatus to the lines in such a way that 
additional hazards are not created. Much depends upon the 
system to be protected; if it is possible to use small line reactors, 
they may be connected directly in the line, whereas larger ones 
would require mounting in a tank of oil equipped with suitable 
bushings. With regard to synchronizing the generators, this is 
most easily done by throwing them together regardless of phase 
position, and letting them pull into step. The dashpot relay 
has not been used in the form described in the paper, which was 
diagrammatic, but the relay may gain its time element by electrical 
means; that is, a mechanical relay may be used in conjunction 
with the pre-setting transformer shown in Fig. 6. Straight 
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overload relays for back-up protection should be used as pointed 
out by Mr. Dodds. 

Mr. Roper has presented an interesting problem and inquired 
if a solution is possible by the use of high frequency. So far 
no tests have been made with cables, and because of their special 
properties, some difficulties may be encountered. For example, 
the high-frequency charging current and the effect of the cable 
capacity will influence the control currents, though there are 
means of taking these influences into account. So far as the 
circuit shown is concerned, adequate protection could be secured 
by properly introducing and blocking the high frequency, but 
the question regarding cables is at the present time an un- 
answered one. 

Mr. Coffin is correct in stating that there are certain dis- 
advantages in the use of a number of high-frequency generators. 
This is, however, the most flexible arrangement, and was illus- 
trated because it is applicable to almost any system. In some 
of the less complicated circuits, numerous simplifications of the 
system are possible, one of which is shown by Mr. Coffin in his 
Fig. 1. There is a difficulty in the application shown in this 
figure, however, which prevents it from being general. Under 
fault conditions the control current must flow through the high 
line and transformer, which have considerable impedance. If 
this impedance is high compared to that of the connected load, 
it will be impossible to discriminate between load and fault 
conditions. Blocking shunts in the load circuits could be 
used as mentioned by Mr. Coffin, but their use was abandoned 
because of the large expense which they entail due to their 
being numerous. This point is further clarified by Mr. Coffin’s 
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discussion regarding the admittance of loads. The reactance 
of the load is, in principle, correctly compared to the reactance 
of the high-frequency generator itself, but reactance in the 
circuit supplying control current to the lines is disadvantageous 
in the same way as the leakage reactance of the generator. 

In the case of the synchronous-machine load calculated by 
Mr. Coffin, the figures do not seem complete because the high- 
frequency and normal-frequeney reactances are compared in 
per cent without taking into account the fact that the voltages 
at the two frequencies are different. Suppose, for example, that 
the synchronous motor is supplied from an 11,000-volt line, to 
which a 250-volt high-frequency generator of 10 ky-a. is con- 
nected. The 0.6 per cent reactance of the load as calculated by 
Mr. Coffin must be multiplied by the ratio of the voltages squared, 
or the reactance is over 1100 per cent, 53 times that of the 
generator itself. Calculation using actual ohms impedance 
yields the same result. In general, the assumption that the 
load impedance is higher than the line impedance is correct. 

The use of high frequency for load-indicating purposes is 
feasible, and in fact, was one of the first suggested applications 
of the system described. 

The use of a potential transformer for introducing high- 
frequency currents into protected lines has the objection that 
the small transformer has too much reactance to permit differen- 
tiation between load and fault conditions. A condenser would 
need to be used with the transformer to neutralize its reactance. 
Directional relays as suggested, as well as interlocked high- and 
low-frequency relays, have been used but do not generally seem 
necessary. 
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Synopsis.—The transition from iigh conductivity io high 
resistinity which em e-<. arc undergoss on extinction is studied. 
Theory and approximate calculations are given for the raie of 
recovery ef dielectric strength of the arc space for short arcs, and 


1. INTRODUCTION 

HE extinction of an a-c. are as it is effected mm 

switches and circuit breakers operating in a-c. 

circuits is fundamentally very different from the 
extinction of the arc in a d-c. switch. In the latier, 
by lengthening or otherwise, the arc is brought into 
such a form that it requires for its maintenance a 
voltage higher than is generated im the d-c. circuit. 
The current then decreases, and if the voltage required 
by the are remains higher than the generated voltage, 
the current reduces to zero and the arc is extinguished. 
In the dc. switch, then, it is important that the are 
voltage be made and kept sufficiently high. 

In the a-c. switch, however, the arc while it is playing 
takes a voltage which is generally smaller than the 
voltage generated in the creuit, and influences the 
course of the current only ina minorway. The current 
following its natural cycle comes to a zero value, and 
at such a moment, the arc extinguishes. In a very 
short interval of time embracing this moment of zero 
current, the medium containing the arc returns from 
its momentary condition of a comparatively good 
conductor, carrying current at a low voltage, to Its 
normal condition of a comparatively good imsulaior 
supporting the full generated voltage of the arcait 
with passage of little current. It is this rapid transition 
at the moment of zero current, from the state of a 
highly conducting arc to the state of an insulating non- 
jonized gas which is important for the extinction of the 
are in an a<. switch. This transition must be made 
sulicently rapidly if the arc is not to reestablish. 

The stady of this transition from arc to insulating 
gas at zero current is therefore not only interesting im 
itself but is important in that it may reveal principles 
leading to improvements in a-c. Greuit breakers. This 
paper covers ideas on this subject developed by the 
aathor and his co-workers during the past few years. 


2 TrRansion Tiwe anp Exteenat Ciecurr 
We shall first comsder the question of the time 
available for the transition from arc to dielectric at the 
current cycle end in a Greuit breaker operating im a 
practical reactive circuit. It is quite clear that this 
1. Comsaltimg Research Engineer, Westinghouse Elec. & 
Miz. Co_, East Pittsburgh. Pa 

Presesded at the Summer Convention of the A. I. E. E., at 
Deer, Cala, Tune 25-29, 1923. 
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resulis are given of experimenis on short arcs, and arcs in holes and 
sloiz in insulating material and insulating plates. The influence of 
chemical activity in arc gases is discussed. Factors contributing to 
the success of the a-c. oil circuit breaker are suggested. 


transition requires a finite time to be effected, that it 
cannot take place instantly. The conductivity of the 
medium carrying the are cannot disappear suddenly. 
Being due, as we shall assume in this paper, to the 
presence of ions, time must be given for these ions to 
disappear, either by neutralizing their charges among 
themselves by recombination, or by discharging into 
the electrodes. Now how much time is available for 
this deionization in a practical circuit? 

Consider first the aircuit of Fig. 1, consisting of an 
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a-c. generator of large capacity, in series with a reactor 
and an are. Assuming that the are voltage is small 
compared to the generator voltage, the current will lag 
by nearly 90 deg., asin Fig. 1c. The voltage across the 
are will of course be in phase with the current, as in Fig. 
1p. Now if at the end of a half cycle of current, the are 
should extinguish and the current remain zero, the volt- 
age across the electrodes would at once rise to the 
terminal voltage of the generator at that time, and be- 


cause of the phase relationships this would be the peak 


of the generated voltage. Hence, in such a circuit, no 
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time whatever would be allowed for the arc to lose its 
conductivity at the end of a current cycle. If the are 
extinguished then, the space would immediately have 
to support the full generated voltage. An arc whose 
voltage is low relative to the generated voltage could 


~ not extinguish in such a circuit. 


However, it is only an ideal reactor which could act 
to produce the results just mentioned. Every actual 
apparatus must have electrostatic capacity as well as 
inductance. An actual reactor may be considered as 
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(a) Circuit with Actual Reactor 


! 
(b) Arc Voltage 


Fie. 2 


acting as if it were an ideal reactor shunted by a small 
condenser, as in Fig. 2A. With such a shunted reactor, 
the voltage across the are space will not rise instantly 


after are extinction to the generator value, but will’ 


come on gradually as the reactor undergoes an oscil- 
lation. This is shown in Fig. 2B, on a time scale much 
expanded as compared with Fig. 1. The time for the 
voltage impressed across the are terminals to reach 
generated voltage is one-quarter of the period of a 
natural oscillation of the reactor. This we may call the 
time available for the transition from the conducting 
arc to the insulating gas space. 

This result can evidently be generalized, and we may 
say that the time available for transition is always as 
great or greater than a quarter of a period of free oscilla- 
tion of the circuit external to the are. In practical 
power circuits, the frequency of free oscillation may 
vary from the order of 100,000 cycles per sec. for the case 
of a current limiting reactor to only a few hundred cycles 
for the case of a very long transmission line. The time 
available for the extinction process in the arc, varies 
then from 2.5 microseconds to several thousand micro- 
seconds depending on the character of the external 
circuit. 

It would seem from this that the interrupting capac- 
ity of an a-c. switch may under certain conditions be 
greatly affected by the nature of the circuit in which it 
operates. 

In experimenting on the extinction of a-c. arcs it 
proved desirable to control the time available for the 
extinction of the are. This was readily accomplished 
by shunting the are with an adjustable resistance as 
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shown in Fig. 3. In this circuit, immediately after arc 
extinction the voltage V, rises to the generator voltage 
value following the exponential curve, 


(1) 
L / ; 5 
We may take Rp” the relaxation time, as the time 


available for the transition. 
The initial rate of rise of voltage impressed upon the 
are space as given by equation (1) is 
dV VoR 
A hE Dake 


The symmetrical short circuit current of the circuit is 


(2) 


lo = ae and the current which flows through the 
: P arent) . Vo 
resistor after the arc is extinguished is Jz = R” 


Hence the initial rate of rise of the impressed voltage 
is also given by 


“VEE (3) 
This initial rate of rise of voltage may also be taken asa 
measure of the time available for the transition, since 
the are space must recover dielectric strength at a rate 
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(a) Circuit with Shunted Arc 
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sufficient to withstand impressed voltage growing at 
the rate given by equation (2) or (3). 


38. THE ELECTRIC GRADIENT IN AN [IONIZED GAS 
BETWEEN CLOSELY SPACED ELECTRODES 

In the last moments of the are current, and im- 
mediately following the current zero, the factors pro- 
ducing new ions have in general ceased their activity, 
and the ions already in the gas are rapidly diminishing 
in number by recombination. The rising voltage 
impressed upon the are terminals by the external circuit 
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acts therefore upon a gas space containing a diminishing 
density of ionization. The question then naturally 
arises as to what is the dielectric strength of an ionized 
gas as a function of its density of ionization. 

Important in the determination of the dielectric 
strength is the distribution of the electric gradient in the 
ionized gas. Itis at once clear that the distribution will 
not bea uniform one. Although, initially, the densities 
of the positive ions and negative ions may have been 
everywhere equal, as a result of the application of the 
electric field this equality is disturbed, and space charges 
appear which cause the electric field to be distorted. 
At the cathode negative ions are repelled, and positive 
ions are attracted. A positive space charge therefore 
develops in front of the cathode which increases the 
electric gradient there. Similarly at the anode, a 


(a) Distribution of ions in Gas 


(b) Potential Distribution in Gas 
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(c) Gradient Distribution in Gas 


Fig. 4 


negative space charge and increased gradient also 
develops. 

The exact calculation of this gradient distribution is 
very difficult, although much has been done on this 
problem by J. J. Thomson, J. S. Townsend, G. Mie, and 
others.” 
approximation to the gradient distribution for our 
purposes in the following way. The mobility of the 
positive ions in the electric field is very small compared 
to the mobility of the negative ions, which are electrons 
in the cases in which we are interested. We shall 
therefore neglect entirely the motion of the positive ions 
and consider them fixed in space. The negative ions, 
however, we shall suppose move freely under the in- 
fluence of the electric field. 


With these hypotheses, the effect of the electric field 
is to move electrons away from the cathode as in Fig. 4, 
exposing a space charge of positive ions in front of the 
cathode with charge density, n e, where n is the number 


2. Handbuch d. Physik, by Geiger and Scheel (published by 
Springer), Bd. XIV, page 6. 
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of positive ions per cm.’, and e is the charge of an ion. 
This space charge causes a considerable portion of the 
impressed voltage to be consumed in the region next to 
the cathode. The thickness of the space charge will 
grow until all the impressed voltage is consumed in the 
cathode space. Assuming now that the diameter of the 
section of the ionized gas is large compared to the 
distance between the electrodes, we may apply Poisson’s 
equation for one dimension and taking e = 4.77 « 10-2 
e. 8. u. we readily arrive at the following relations. 
Thickness of space charge, d, - 


d=1.05 X10 /V/n (4) 
Gradient in space charge at distance x from cathode, 
dV 
Gris 1.8 x 10-*n” (d— x) (5) 
Maximum gradient in space charge 
(3) is) 309 7 
Ole 
Mean gradient in space charge 
ee =nmgalinee: 8 
Ue ee : : 


These equations will apply of course only if the thick- 
ness of the cathode space charge as given by equation 
(4) is less than the distance between the electrodes. 


4. FIRST APPROXIMATION TO THE DIELECTRIC 
STRENGTH OF AN IONIZED GAS BETWEEN 
CLOSELY SPACED ELECTRODES 


As a first approximation we may assume that electri- 
cal breakdown of the ionized gas will occur if the maxi- 
mum electric gradient in it exceeds a certain critical 
value. For the sake of definiteness let us take for this 
critical value, a value approximately appropriate for air 
at normal pressure and temperature, namely 30,000 
volts per cm. From equation (6) then it follows that 
breakdown will occur when 


oY) = 189x104 Vn = 80,000 (8 

On es ore: ; ae ve : (8) 
1 

or Vi 2.52 KOK | (9) 


The breakdown voltage then varies inversely as the 
density of ionization, and is independent of the distance 
between the electrodes, so long as the electrode separa- — 
tion is greater than d, given by equation (4). 

If the gas is at temperature 7’, we may assume, still 
as afirstapproximation, that the critical gradient varies 
inversely as the absolute temperature. Equation (9) 
then becomes 


2 


pees 


273 


T + 273 (10) 


V = 2.52 x 10" x ( 
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5. THE DECAY OF IONIZATION IN A GAS 

During the transition period immediately after the 
current zero, the dielectric strength of the are space is 
rapidly increasing due to the decrease in the density of 
ionization, as given by equations (9) and (10). For an 
arc in the open, the ionization disappears principally by 
recombination. 
tion is given by 


dn 


sere (11) 


=an? 


where a is the coefficient of receombination.* The solu- 
tion of this equation is 


ee aay (12) 
where Np is the density of ions at time ¢ = 0. Where 


Mo is very large, as in the case of the are which we are 
oe ae — 
considering, ba as negligible, and (12) becomes 
0 


1 
vk ed ew 


at Hs) 


The numerical value to take for a in this equation 
is rather uncertain. For air at normal pressure and 
temperature several investigators have found 
a=1.38x10-* for “aged” ions. Plimpton? found 
values for a for ions aged 0.05 sec. and longer, and an 
extrapolation of his values for age zero would give a 
equal to about 7.6 x 10-*. As for the influence of 
temperature at constant pressure, Phillipst has found 
the following variation in relative values at different 
temperatures. 

Absolute Temperature..289 373 428 449 546 

Ole see LO 0.5 0.399 0.360 0.178 
For our purposes, probably the best we can do is to take 
a inversely proportional to the cube of the absolute 
temperature. 

6. THE RECOVERY OF DIELECTRIC STRENGTH IN THE 
TRANSITION FROM AN ARC. FIRST APPROXIMATION, 
SHORT ARC 

Combining the results of sections 5 and 6, we get 
from equations (9) and (13) taking a = 7.6 x 10° 

Vee Dee LF (14) 

If we take into account the influence of temperature 
assuming @ varies as the inverse cube of the tempera- 
ture, and that the breakdown gradient varies inversely 
as the temperature we get 


5 
273 
V =19x10x (og ) X! (15) 


Even allowing for the uncertainty of the numerical 


*Townsend, Electricity in Gases, Oxford 1913, Chapter VI. 
3. Plimpton, Phil. Mag. (6) V. 25, 1918, p. 65. 
_ 4, Phillips, Proc. Roy. Soc., London (A) V. 83, 1910, p. 246. 
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constants, these equations show that the recovery in 
dielectric strength is very rapid. In ten microseconds, 
if the gas is cold, the are space is capable of withstanding 
several thousand volts. According to these equations a 
low voltage a-c. are should extinguish in a circuit such 
that during the transition time the rate of increase of 
voltage applied to the electrodes is less than between 10° 
and 108 volts per sec. 

Aside from the uncertainty of the constants used in 
the preceding development, the nature of the departures 
from the physical facts made in deriving this approxi- 
mate theory should be borne in mind. First, it was 
assumed that the positive ions have zero mobility, and 
that the positive ion density in the cathode space charge 
is the same as that in the body of the gas. Actually, 
these assumptions are not true, and an attempt is made 
in the Appendix to take the mobility of the positive ions 
into account. 

Second, it was assumed that there exists a critical 
breakdown electrical gradient for air, such that if this 
gradient is exceeded at any point, the gas will break 
down. Actually, however, although for larger electrode 
spacings for a given pressure, the mean gradient at 
breakdown is nearly constant, for short spacings the 
gradient at breakdown increases very rapidly as the 
spacing is decreased. In fact, as is well known, there 
is a minimum voltage which will produce breakdown 
regardless of electrode spacing, and for air this minimum 
voltage is about 800 volts. Account of this factor will 
be taken in a later section, 

Third, it was assumed that the linear dimensions of 
the section of the ionized gas was large compared to the 
thickness of the cathode space charge. This will fail 
to be the case when very small alternating currents are 
considered or when the arc is confined to small holes or 
narrow slots, as will be shown in section 12. 


7, EXPERIMENTS ON THE EXTINCTION OF A SHORT 
A-c. ARC IN THE OPEN 


Some time ago Mr. L. R. Golladay and the author 
made a study of the interrupting capacity of the multi- 
gap lightning arrester. This arrester consists of 
knurled brass cylinders spaced one-sixteenth of an inch 
apart, and some of the gaps so formed are shunted by 
resistors. 

Tests on individual gaps were made in a circuit like 
that of Fig.3. Thearc was started by a small fuse wire, 
and the shunting resistor R was varied. For sufficiently 
low values of R the are would extinguish at the end of 
the half cycle, but for large values of R, the are would 
persist. The limiting value of R which would cause the 
are to extinguish was determined for currents varying 
from 100 to 500 amperes, and voltages varying from 
300 to 600 r.m.s. Tests were made both at 25 cycles 
and 60 cycles. 

It was found that the limiting resistance varied 
inversely as the arc current, inversely as the frequency, 
and was approximately independent of the voltage. 
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These results applied to equation (3) show that 


as was constant. 
Thus the are would extinguish if during transition the 
rate of increase of applied voltage was less than a critical 
value, and would persist if the rate of increase of applied 
voltage was greater than this value. This critical 
value was found to be 25 X 10* volts per sec. 

It is interesting to compare this result with equation 
(15). A reasonable value to take for the temperature 
in the neighborhood of the cathode would seem to be 
the boiling point of brass or about 1200 deg. cent. 


2 TI. 
Vo @ ay a was constant or that 


vy 


al 
Substituting In (15) we get Si aean 0.4 x 10°. If we 


x 


take the melting point, or 940 deg. cent. we get 7 ; 
= 1.1 Xx 10% These values are rather small compared 
to 25 X 10*® but agree better with the results obtained 
in section 11, so that in these experiments perhaps a 
large part of the discrepancy is due to differences 
between the properties of zinc vapor and air, as the are 
extinction probably took place in zine vapor. 
8. CHEMICAL AFTER-EFFECTS IN GASES FROM AN ARC 

The rapidity of recovery of dielectric strength of the 
are space predicted by the preceding theory and con- 
firmed by the experiments described in section 7, would 
seem to be contradictory with experience, as it is well 
known that gases coming from switch ares frequently 
cause flashover of live parts, hundredths or tenths of a 
second after the gases have left the are. However, it 
appears that it is a chemical activity in these gases be- 
cause of their composition, which is responsible for their 
continuing low dielectric strength rather than the fact 
that they originated inanare. Thus, in the copper are, 
large volumes of copper vapor may be given off at the 
electrodes. This vapor will burn in air forming a flame. 
Since the burning as a flame involves the diffusion of 
oxygen of the air into the copper vapor, and since this is 
a relatively slow process, the burning of the flame may 
continue for a considerable time. Such balls of flame 
are frequently seen rising in the air after the extinction 
of the arc, when high speed pictures are taken of a 
copper arc, as for example in a commutator flashover. 
These flames have a low dielectric strength as long as 
they are burning. When arcs exist under conditions 
where little vapor or combustible gas is given off 
practically no persisting flame is observed after the arc 
is extinguished. 

The substantiation of the above statements lies in 
studies made by J. E. McGee and L. Dennault, not as 
yet published. 


9. Arcs THROUGH HOLES IN METAL PLATES 


From the theory so far given, and accepting the 
experimental value of 25.10* volts per sec. as the rate of 
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recovery of dielectric strength of the are space, it would 
seem that an arc in the open air is not a practical means 
for interrupting a-c. circuits of voltages higher than a 
few hundred volts. For example in a 2300-volt r. m.s. 
circuit, the are space would require 1.3 x 10-~ sec. to 
recover sufficient dielectric strength to withstand the 
peak voltage of 3250. Practical circuits in general will 
be faster than this, so that the are will not extinguish. 
It is possible, of course, to slow down the rate of rise of 
the voltage applied to the are terminals during the 
transition period by shunt resistors, and equation (3) 
shows that for 60-cycle current the resistors after the are 
is interrupted need to carry only five per cent of the 
current interrupted. Nevertheless, even with this low 
ratio of resistor current to current interrupted, the 
resistors become very large and expensive for a high 
power switch, and for higher voltages the resistor cur- 
rent ratio rises proportionally so that matters become 
much worse. 

It occurred to the author that conditions might be 
considerably improved if the are was caused to play 
through small holes or openings in metal plates. In 
this way ions could disappear by discharging into the 
metal plates during the transition time, instead of hay- 
ing to depend only on the recombination in the gas 
space, and so the deionization would be greatly acceler- 
ated. Space charges would be produced in the neigh- 
borhood of each plate which would consume some of the 
impressed voltage so that each perforated plate would 
to a certain extent, act like a cathode as described in 
section 3. By having a number of these perforated 
plates in series, the rate of recovery of dielectric strength 
would be multiplied proportionally. It was believed, 
and subsequently substantiated that the are could 
play through the perforations of the plates for several 
half cycles (60-cycle current) without melting the 
metal, whereas it was believed that the arc terminals 
were necessarily molten. 

Many tests of these ideas were made by J. H. Neher 
and others. In one, as an example, nine sheets of 16- 
in. brass gauze, made of 0.032 in. diameter wire, were 
stacked parallel to each other between two solid copper 
plates, the sheets being separated by 1/16 in. insulating 
spacers. An arc of several hundred amperes drawn ina 
reactor circuit of 2200 volts 60 cycles was then blown 
into the structure by an air blast, the are terminals being 
on the solid end plates and the are stream playing 
through the holes in the gauze. Resistance in shunt was 
varied to determine the limiting value which would 
cause the arc to extinguish at the end of its first half 
cycle in the structure. In this way, it was found that 
the rate of recovery of dielectric strength in the struc- 
ture was 80 x 10* volts per sec. or more than three times 
as fast as for an arcin the open. By using appropriate 
shunting resistors, current up to 1600 amperes at 6600 
volts was interrupted by the structure. 

Tests were also made on the rate of deionization 
occurring when the are was confined to circular holes of 
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various diameters in plates of various thicknesses. 
Nine plates, each with a hole and two end plates, were 
stacked together with insulating separators 1/16 in. 
thick. The end plates were provided with very fine 
holes just large enough to pass a fine copper fuse wire. 
All the holes were lined up, and the copper fuse wire 
threaded through, and an are started by short circuiting 
a small 2200-volt, 60-cycle generator, giving 200-amperes 
short circuit current, upon the fuse wire. Oscillograms 
were taken, and resistance in shunt to the fuse was 
varied so that it would just cause the arc to extinguish 
at the end of the first half cycle of current. From 


dI 
dt 
at the end of each half cycle was measured, and the 
initial rate of rise of applied voltage at transition was 


the oscillograms the rate of change of current, 


dI 
taken to be R “at where FR was the value of the shunt- 
ing resistance. 

The results are given in the curves of Fig. 5. The 
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right hand boundary of each shaded region gives the 
largest rate of rise of applied voltage observed at which 
the are did not restrike, and the left hand boundary 
gives the smallest rate of rise of applied voltage ob- 
served at which the arc did restrike. 

As was to be expected, the smaller the diameter of 
the hole, the greater was the rate of recovery of dielec- 
trie strength, and for the small holes, values greater 
than 350 x 10° volts per sec. were obtained. This is 
35 X 10° per sec. per plate, and seems to contradict the 
results of Golladay and Slepian mentioned in section 8, 
where 25 X 10° volts per sec. was found as the limiting 
value for a solid cathode. It was hardly to be expected 
that the perforated plates would act as well as solid 
plates. 

The explanation is to be found in the low voltage per 
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plate, less than 220 volts r. m. s. used in these tests as 
will be explained in the next section. 


10. RECOVERY OF DIELECTRIC STRENGTH OF SHORT 
Arcs AT Low VOLTAGES 


Equations (14) and (15) developed for an arc in the 
open, with solid cathode show that the are space 
recovers dielectric strength at a constant rate im- 
mediately after extinction of the arc. Experiments 
at 300 to 600 volts r.m.s. with brass electrodes de- 
scribed in section 7, indicated that this rate of recovery 
was about 25 « 10° volts per sec. In deriving the 
equations (14) and (15) it was assumed that there was 
a definite critical electric gradient which if it was 
exceeded at any point, would cause breakdown and 
restriking of the arc. However, it is well known that 
the mean gradient at breakdown of short spark-gaps 
increases rapidly as the length of the gap decreases, 
and that even for very short gaps, breakdown does not 
occur with less than a certain minimum value of voltage. 
For air, this minimum breakdown voltage is about 300 
volts, or about 215 volts r. m. s. 

It might be expected then, that as the arc circuit 
voltage is reduced down towards the value 215 volts, 
r. m.s., the mean rate of recovery of dielectric strength 
will increase very rapidly, and that for voltages below 
215 volts r. m. s., it will be of a different order of magni- 
tude than for voltages much above 215 volts r. m.s. 

The same conclusion may also be reached by way of 
the current ideas concerning the difference in mechanism 
of a glow discharge and an arc discharge. In the glow 
discharge, it is believed that all the ionization is due to 
collisions of ions caused to move with sufficient velocity 
by high electric gradients. In the arc, it is believed that 
other factors produce ionization, such as high tempera- 
tures, or direct action of 10° volt/cm. gradients upon the 
cathode, etc.’ At the time the current passes through 
zero these other factors have ceased their activity. If 
the discharge is to restrike, it must restart as a glow. 
But the glow discharge requires for its maintenance a 
certain minimum voltage, the normal cathode drop, 
and this normal cathode drop is very nearly equal to 
the minimum sparking potential of the gas. 

Thus, we again conclude that the first few hundred 
volts of dielectric strength are recovered almost 
instantly as compared with the recovery of the later 
increments of dielectric strength. 


11. ExpeRIMENTS ON RECOVERY OF DIELECTRIC 
STRENGTH OF SHORT Arcs AT LOW VOLTAGES 

The conclusions of the preceding section found 
confirmation in the following experiment. Sheets of 
copper were stacked together with 1/16 in. separators, 
and an arc of several thousand amperes in a circuit of 
adjustable voltage from 2300 volts down, was blown 
into the structure, thus causing a series of short arcs to 


5. K. T. Compton, Trans. A. I. E. E., Vol. XLVI, 1927, 
p. 868. 
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be produced between successive sheets, A suitably 
disposed magnetic field then caused these ares to move 
in an annular path, and the ares retraced this path so 
rapidly that practically no melting or burning of the 
metal sheets resulted, Details as to the construction of 
these sheets and the magnetic field will be given in a 
later paper, As a result of the lack of melting of the 
aheets there was no flame of burning copper vapor to 
complicate the results as described in section 8, and it is 
probably correct to say that the are extinction took 
place in air rather than in copper vapor. 

The number of copper sheets was varied, also the cir- 
cuit voltageand the value of shunt resistance which would 
just cause the ares to extinguish at the first current zero 
was determined. From these values of shunt resis- 
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tance, the rate of rise of applied voltage was calculated 
by equation (3) and the curve of Fig. 6 was obtained. 
For voltages per gap above 500 r. m. s. the mean rate 
of recovery of dielectric strength was 4 X 10* volts per 
sec. This seems to be very low compared to 25 x 10° 
volts per see, observed by Golladay and Slepian for 
brass electrodes, but agrees better with the value 
ealeulated in section 7 thus indicating that air deionizes 
more slowly than gine vapor, As the voltage per gap 
was reduced, the rate of recovery of dielectric strength 
increased reaching 300 X 10° volts per see. at 180 volts 
per gap. For lower voltages per gap than this the rate 
of recovery could not be determined, as the are would 
extinguish even when the shunting resistor was omitted. 
The curve of Fig, 6 appears to have an asymptote at 
165 volts rm. s. corresponding to a peak of 235 volts. 
The normal cathode drop for copper in air is 252 velts.* 


G K. Rotigardt, dan, @ Pays. Bd. 33, 1910, p. 1161. 
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Thus the conclusions of the preceding section are 
confirmed. 


12. Lona ARCS AND ARCS IN SLOTS AND HOLES IN 
INSULATING MATERIALS 


Equations (14) and (15) state that the rate of 
recovery of dielectric strength of the arc space measured 
in total volts applied per second is a constant. In 
deriving this relationship, it was assumed however that 
the linear dimensions of the cross-section of the arc 
space were large compared with the distance between the 
electrodes. This is certainly not the case for long 
ares, or for arcs compelled to play in small holes or slots 
in insulating material. 

When the space charge region before the cathode is 
long compared with the linear dimensions of its section, 
Poisson’s equation in one dimension cannot be applied, 
and it is no longer true that the maximum electric 
gradient, at the cathode, is a function only of the total 
applied voltage as is given in equation (8). The 
boundary of the space charge region is no longer a plane 
parallel to the cathode surface, but it tends to run up 


Fie. 7—Space CuHarce Reeion ror Arc in SLor 


on the sides of the hole or slot as in Fig. 7. This makes - 


even an approximate analysis very difficult, but it is 
hoped to deal with this in a future paper. A first 
study indicates that the voltage across the space charge 
sheath is of the same order of magnitude as the im- 
pressed gradient multiplied by the thickness of the slot 
or diameter of the hole. Hence we would expect the 
are to extinguish if during the transition there is an 
almost instantaneous application of a gradient of the 
order of two or three hundred volts divided by the hole 
diameter or slot width. 


The curve of Fig. 8 obtained by Mr. R. C. Mason for 
slots and holes in soapstone one to two inches long 
roughly bear out this conclusion. The gradients given 
are those at which the unshunted are would just ex- 
tinguish at the end of the first half cycle. If we multi- 
ply this gradient by the width of slot we get for the 
different slot widths the following: 

1/16 in. slot, 143 volts 

2/16 in. slot, 146 volts 

3/16 in. slot, 92 volts 

4/16 in. slot, 63 volts 
These are all at least of the right order of magnitude. 
Mr. Mason’s results show that in narrow slot ares can 
be interrupted in circuits of very considerably higher 
voltage than in the open air. ‘ 


wn 
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13. THE Or CircuiT BREAKER 

The success of the oil circuit breaker in high power 
a-c. systems is probably due in part to all the factors 
discussed in the previous sections. Most important 
of all undoubtedly is the fact that the arc under oil is 
in an oxygen free atmosphere. Hence, in spite of the 
fact that quantities of hydro-carbon gases are produced 
by the decomposition of the oil, due to the lack of 
oxygen no persistent combustion flame follows the 
extinction of the arc at zero current. 

The confining action of oil upon the arc raises 
enormously the impressed gradient at which the current 
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can be interrupted, just as the narrow slots did as 
described in section 12. The are plays in a hydro- 
carbon gas “‘hole” through the oil, and at the time the 
current is passing through zero this “‘hole’” may be of 
relatively small section. 

Another factor which is very likely of considerable 
importance is the electrical conductivity of the hot oil 
immediately adjacent to the arc, and which probably 
contains decomposition products. The conductivity 
of this oil may be very large just at the moment the 
are extinguishes, although of course, it would fall off 
very rapidly as the hot oil mixes with the cold oil about 
it. No information is available as to the magnitude of 
this conductivity but it seems very probable that it is 
sufficient to influence appreciably the rate of rise of 
applied voltage during the extinction process, as con- 
sidered in section 2. 

Still another possible factor is the influence during the 
extinction period of drops of oil or the carbonized 
residues of drops of oil floating in the are space. These 
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particles will form centers for the ions to discharge upon, 
very much as the wires of the gauze sheets in the experi- 
ment of section 9. Space charges will form in the 
neighborhoods of these particles which will tend to 
relieve the region immediately adjacent to the cathode 
from the high gradient which it would otherwise have. 


14. SUMMARY 


The time interval allowed by the external circuit for 
the are space to recover its insulating properties after a 
current zero, is important in the operation of an alter- 
nating switch. The low dielectric strength of an 
ionized gas is to be attributed to the non-uniform 
potential gradient caused by the development of space 
charges. Calculations with certain approximations 
lead to the conclusion that in the case of ares which are 
short in comparison with the diameter of their section, 
the first one or two hundred volts of dielectric strength 
are recovered almost instantly while later increments of 
dielectric strength are recovered at a rate lying between 
one million and one hundred million volts per second. 
Experiments have been carried out substantiating this 
conclusion. 


For an are which is long with respect to the diameter 
of its section the manner of recovery of its dielectric 
strength is not so simply stated. It is probably nearly 
correct to say that the ability to withstand a certain 
electric gradient is recovered almost instantly, and that 
later increments of dielectric strength return more 
slowly. The magnitude of this gradient varies in an 
inverse manner with the linear dimensions of the section 
of the arc as shown by experiments of Mason. 


Experiments of Neher and others have shown the 
possibility of increasing the rate of recovery of dielectric 
strength by causing the are to pass through holes in 
metal plates or the openings in metal gauze sheets. 


A continuing chemical activity in the gases from an 
arc may cause the persistence of low dielectric strength 
for times long in comparison to those predicted by the 
preceding theories. 

The success of the a-c. oil circuit breaker is to be 
attributed to all the factors considered in this paper. 
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Appendix 
MATHEMATICAL TREATMENT OF EXTINCTION OF AN ARC 
Mosi.ity or Positive Ions CONSIDERED 

The arc space will be considered as consisting of two 
sharply defined regions, as in Fig. 4. One, next to the 
cathode contains only positive ions. The other, the 
rest of the gas space, contains positive and negative 
ions in equal numbers. 


Let] = thickness of cathode region at time t. 

4 = current density at time t. 

V = potential at point distant z from cathode at 
time ft. 
OV 
7 

0 = velocity of positive ions toward cathode at 
point z. 

k = mobility of positive ion. 

e = electronic charge. 

nm = density of positive ions in cathode region at 
point z. 

Ne = density of positive ions in body of gas at 
time t. 

Nog = initial density of positive ions. 


a = coefficient of recombination of ions. 
B = rate of increase of impressed voltage. 
V, = Bt = potential impressed on electrodes. 
In the cathode region we have the following relations: 


+=ne0 (1) 
OV / 
p=kX =-—k a (2) 
See 4 
ay = Ane (3) 
1 ox 
the displacement current, ——— Fg being neglected. 


Eliminating » and » from these equations and 


integrating, 
OV 
x7 -v- 2E i s+A (4) 
where A is a constant of integration. Substituting (4) 
in (3) we get 
i/é 
(5) 
fe J - a wt ray ’ 
In the main body of the gas we pdr 
d Ne ; 
di 7M (6) 
Integrating this gives 
ae 
PES ie A (7) 
If tos is very large (7) becomes 
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the = (8) 

The neglecting of the displacement current in equa- 
tion (1) is probably justified except near the boundary 
of the space charge region adjacent to the body of the 
gas. Here, we have space charge constantly being 
freshly exposed by the motion of the space charge 
boundary, and the conduction current is corre- 
spondingly reduced. In the main body of the gas, 
however, the displacement current is again zero, and 
the conduction current is the total current, and not very 
different from the conduction current in the space 
charge region away from the space charge region 


boundary. It seems then that the proper boundary 
conditions to use are the following: 
ad ba (9) 
Ne = NN) = 7 
ka _ Bri, Oey 
dl 4 
“dt. o. Ne @ (10) 
Last, if the gradient in the body of the gas is negligible, 
V,=Vi) (11) 


Applying (11) to (4) with the further boundary con- 
ditions that V (0) = 0 and using equation (9), the 
constant of integration A can be determined leading to 


hens )] 
-[ a ] | (12) 


(12) together with (8) and (10) and V, = Bt forma 
complete system of equations for determining |, ny, 
andi, The solution is 
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If we assume as in sections 4,5, and 6 that there is a 
definite critical breakdown gradient G for the gas, we 
have for the rate of recovery of dielectric strength, 


1/2 
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a (eee 
(15) 


Chemis to practical units we hae for B and G in 


volts per cm., and k in em./sec. per volt /cm., and letting - 


= 4.77 X 10-"e. s. u. 
1/2 


] Je (16) 


Substituting in numerical values we may take for air 
at normal pressure and temperature, a = 7.6 x 107° 
(from section 5) k = 1.47, and G = 30,000. This gives 
B = 3650 x 10° volts/second. 

At 940 deg. (as in section 5) taking a as varying 
inversely as the cube, and G inversely as the first power 
of the temperature we have a = 1.06 x 10~’, and 
G=17100. As for k, according to Phillips,’ and 
Kovarik,® the variation will be as the first power of the 
temperature and so at 940 deg., k = 6.2. With these 
values (16) gives B = 81 x 10° volts per sec. 

At 1200 deg. we have a = 4.8 x 10°°,G = 
k = 7.5 giving B = 15.6 x 10° volts per sec. 


B = 1.02 x 10" a? ( [1 + 8.59 x 10-8 


~ [143.59 x 10" 
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Discussion 


R. W. Sorensen: These figures given in Fig. 1, which are 
primarily theoretical figures, to show what happens across an 
are, have been checked by us in the laboratory and we get 
figures of the same form. 

Under oil the voltage across the are is around 150 to 250 volts 
on an ordinary 200,000-volt breaker. The voltage across an are 
in father high vacuum is only of the order of about 12 to 13 volts, 
occasionally as high as 20 volts. The amount of energy to be 
accounted for can be measured by these voltages encountered 
and shows quite a difference, one being approximately ten times 
the other. 

A phenomenon of interest shown by some oscillograms I have 
seen may make some other modifications of some of the work 
here. Under some conditions the current goes out before it 
crosses the zero line. In other words, you don’t have to get 
down always to zero current apparently to have the are go out. 

That introduces another phase. If the long are gradients 
could be eliminated by reducing all the ares to short ones, this 
would not only tremendously simplify the theoretical problem, as 
Dr. Slepian has pointed out, but would also simplify actual 
operation. The work which he has suggested, which he and his 
associates are doing, in getting around these long are gradients 
by means of holes through metals, et cetera, certainly will be of 
great value to us, 


7. Handbuch d. Physik, Vol. XXII, page 323. 
8. P. Phillip, Proc. Roy. Soc., London A., Vol. 78, 1906, p. 167. 
9. P.F. Kovarik, Phys. Rev., Vol. 30, 1910, p. 415. 
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R. M. Spurck: Mr. Slepian’s paper brings out a number of 
points as characteristics of the a-c. are that have been recognized 
and studied by all circuit breaker designers for a number of 
years. 

Two points impressed me. (1) The rate of voltage increase 
of the are voltage after the voltage or current has passed through 
zero is one of the factors tending to cause a reestablishment of the 
are. This rate of voltage reestablishment varies widely in 
different systems. (2) The tendency to reestablish the are 
may be reduced by artificial means. 

From an oil-circuit-breaker standpoint this means that if the 
tendency of the are to reestablish is reduced a shorter are length 
is obtained. This shortening of the are length reduces the 
amount of gas formation in the breaker during its operation and 
the reduction in the amount of gas formation results in a redue- 
tion in duty on the breaker. 

Consider first the rate of the rise of the reestablishment of the 
are voltage. Inasmuch as it is dependent on the system and 
generator characteristics it is not, in general, usually practical 
to lighten the duty on the breaker by changing the system or 
generator characteristics. Neither is it possible from a practical 
standpoint to analyze a system and determine the rate of voltage 
reestablishment so that a breaker of light duty can be put on 
some systems and a heavier breaker put on systems having 
more severe duty. 

It is, therefore, necessary to design an oil cireuit breaker so 
that it will operate under the worst conditions of reestablishing 
voltage that any practical system can produce. The effect of 
reestablishing voltage also serves to explain why oil circuit 
breakers perform well in some locations and not so well in others. 

Consider next the question of artificially reducing the effect 
of the reestablishing voltage on prolonging the are. One of the 
artificial means suggested by Mr. Slepian was the use of shunt 
resistors across the circuit-breaker terminals. This he discards 
as impractical from a regular operation standpoint, and I quite 
agree with him. 

Another way of artificially reducing the effect of the reestab- 
lishing voltage or the are length under definite conditions of are- 
voltage reestablishment is to increase the insulation strength of 
the are stream by cooling or by pressure. In practise this has 
been done for a number of years by the use of the explosion 
chamber which utilizes the gas formation from the are to increase 


‘ the pressure around the are stream and to blast cool oil through 


the are stream. The efficacy of this device has been proved by 
many tests and wide experience. 

Cc. D. Ainsworth: With the advent of high-potential 
alternating current came the oil circuit breaker. The principles 
of the earlier air-break cireuit breaker designed for the older 
d-c. circuits crept into or influenced the design of this new device 
to such an extent that even today we are confronted with recom- 
mendations and demands for mechanical speed of break that 
involve us in designs that must expose to a high-power, high- . 
voltage are vast areas of oil. There must result, in addition to 
the destructive pressures during each succeeding eycle of are, 
the excessive volumes of hydrocarbon gas which produce those 
pressures,—volumes of gas superheated, highly ionized but slowly 
deionizing, diffusing with relative slowness into the oil and there- 
by tending to prolong the cycles of are which produce them. 
On the other hand, visualize an oil cireuit breaker with an in- 
creased number—even a multitude—of shorter series are gaps, 
each gap exposing a minimum of oil area and a maximum of 
electrode area and volume to the are. Over the surface of the 
electrodes, by inter-reaction, the ares are propelled to new and 
cooler zones. At the current zero, the are zone is cooler, and the 
slowly de-ionizing hydrocarbon gases of the high-speed break 
are to a large extent replaced by the more quickly de-ionizing 
metal vapor of the electrodes. 


That such a breaker—one in which a much greater proportion 
of the thermal energy of the power are is absorbed and converted 
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by the electrodes—approaches the desideratum of Dr. Slepian’s 
paper is apparent. Initially it has the advantage derived from 


the condition of lower temperature as set forth in Dr. Slepian’s 


equation (13) on page 4: 


1 
at 


which equation is another way of stating that the number of ions, 
or the ionie density, varies directly as the eube of the absolute 
temperature. It follows, with the lower temperature and the 
correspondingly smaller number of ions, that the rate of recovery 
of the dielectric strength will be much more rapid, particularly 
where the more rapidly de-ionizing metal vapor is, as here, in 
greater proportion. Finally, the Increased number of are gaps, 
shorter in comparison to the electrode diameter, affects a con- 
dition of reduced space charges and consequent increase in rate 

f recovery of dieleetrie strength—this is in addition to the 
200-volt equivalent increments of dielectric strength instanta- 
neously recovered at each gap. 

Such an oil cireuit breaker, however, is not a design of the 
future. Refined and perfected in the present, it is essentially a 
development of the past. The multi-break oil cirenit breaker 
with energy-absorbing arcing contacts, under test and in the 
field has already demonstrated the fact that it does approach 
the desideratum of Dr. Slepian’s paper. 

J. B. MacNeill: The paper deals with means of opening 
circuits radically different from those now in use. Time will 
tell the degree to which these ideas ean be incorporated in com- 
mercial apparatus. It may be said, however, that present 
methods in many cases are not considered altogether adequate, 
and there are individual switching problems where the applica- 
tion of the ideas dealt with in this paper seem entirely feasible. 
The oil cireuit breaker has been developed far beyond the expecta- 
tion of the original sponsors of the device and in general is giving 
adequate protection on all high-voltage or high-power a-c. 
systems. Any oil-immersed device, however, has the inherent 
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disadvantage due to the oil content, and substitutes for oil 
immersed devices will always receive any consideration they 
may deserve. 

F. W. Maxstadt: (communicated altar adjournment) 
Dr. Slepian’s contribution is of interest and great value in another 
field than the one pointed out in the paper. 

Comparatively little has been known about the mechanism of 
the are used in electric are welding, either a-c. or d-e. Itis now 
clear that the persistence of the a-c. welding are which operates 
well below 165 r. m. s. volts cannot be due to residual ionization, 
but must on the other hand be caused by chemical activity 
which is known to be oxidation of iron vapor. The fact that the 
are reestablishes itself in the same path after a current zero 
seems to me to prove that the chemical activity extends into 


. practically every region of the are volume. This easily accounts 


for the included impurities in the deposited metal. 

The well known fact that ares between iron electrodes in an 
atmosphere of hydrogen require voltages in excess of 165 r. m. s. 
shows that chemical activity in the are stream is, under such 
conditions, too small to provide a mechanism for are reestab- 
lishment. 

This suggests a line of investigation to find a gas or mixture of 
gases which will provide chemical activity for restarting the are 
at low voltage (for safety to the operator) and yet produce no 
harmful compounds in the deposited metal. 

The same analysis applies to the d-c. are which oscillograms 
show has unsteady characteristies, with current values approach- 
ing zero for an instant and suddenly building up to normal, aided 
of course by the reactive voltage of the series choke put into the 
circuit for the purpose. 

Dr. Slepian’s analysis of the time-phase relations between the 
are current and voliage shows that successful are-welding cir- 
cuits must have sufficient series inductanee, low series resistance, 
low condensance (capacity) between turns of the transformer or 
choke and high shunt resistance across the are. Even the eon- 
ducting vapors which surround the are, but do ~— take part in 
the are itself, are a cause of its extinction. 


Civilization and the Engineer 
President’s Address 
BY BANCROFT GHERARDI 


hat has the engineer contributed to civilization? 

Have his contributions been major factors in its 

development? It is important that we should 
know the answers to these questions, for sooner or later 
the standing of the engineer in the world in which welive 
depends upon these answers. To get them it is necessary 
to consider the development of civilization. 

From the earliest days, mankind’s primary need has 
been food. He cannot exist without it. In addition, 
in most climates he must have shelter, clothes, and fuel. 
As long as all human energy had to be devoted to meet- 
ing these needs, no margin remained for the improve- 
ment of man’s condition, either physical, mental, or 
spiritual. It is to the extent that there is a margin of 
effort available after the minimum of these requirements 
is provided that civilization may develop. The ex- 
istence and magnitude of such a margin has depended 
upon man’s willingness and ability to produce beyond 
this minimum and the aids that he has in his work. 
The margin beyond that- necessary for maintaining 
existence goes to the improvement of his status. 

The students of the early stages of man’s development 
measure the steps by which he has advanced by certain 
outstanding factors. Accepting the classification of 
Lewis H. Morgan, these are: the development of 
speech; the use of fire; the bow and arrow; the manufac- 
ture of pottery; the domestication of animals; the 
development of writing. In these, we find the begin- 
ning of civilization. And we find something more; 
something of the deepest significance to the engineer. 
Fire,—first used for warmth and cooking, and now our 
principal source of power. The bow and arrow—a 
machine by means of which man can apply his strength 
and dexterity more effectively. Pottery,—a manu- 
factured article to minister to his household needs. 

* Domestic animals,—a source of power under the control 
of man and a more reliable supply of food and clothing. 
Although at that time scientific knowledge was un- 
known, invention probably not recognized as such, and 
engineering not even dreamt of, in the bow and arrow 
and in pottery all were foreshadowed. 

The struggle by man to learn the facts of nature and 
to utilize them has been slow and extended over ages. 
As we look back, at times progress has seemed to halt, 
and generally, there was no definite conception of what 
constituted progress or in what ways it should be sought, 
but nevertheless, the ground work was being laid and 
man was slowly moving forward. 

There gradually grew up an appreciation that 
Nature was not whimsical or beyond understand- 
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ing; that she has hidden treasures—materials and 
forces—that could be used by man if he would but learn 
what they were; that Nature was an inexhaustible 
treasurehouse if man would but find the “‘open sesame,” 
the way to use her resources—and that the “open 
sesame’’ was to learn of Nature by studying her and not 
by trying to speculate what she should be; that we may 
theorize if our theories are based on facts and checked 
by experience, but that speculations without facts are 
idle dreams and that nothing that may be determined 
by observation may be safely accepted except as it is 
so determined. Early there were such minds,—Euclid, 
Archimedes, Aristarchus, Hipparchus,—but in their 
time they did not represent the common method of 
thought even of the educated people. 

Then came a long period of halting, ‘‘the dark ages,’” 
during which not only did progress seem to cease, but 
in many cases it was discouraged by powerful authori- 
ties. But the greatest darkness always comes just 
before the dawn. 

In the 16th and 17th centuries, the scene began to 
change rapidly. A number of wonderful men of whom 
I shall name only two, Galileo and Newton, devoted 
their lives to the study of nature, that is, to the getting 
of facts and to the effort to develop theories that 
would be consistent with these facts, and which could 
be used to postulate other facts which, if veri- 
fied by observation, further extend knowledge. These 
men were the pioneers in our modern civilization. 
To these and to their successors in theory and applica- 
tion we owe the developments that constitute the 
determining factors of modern civilization. 

And what are the characteristic features of the 
material aspects of modern civilization? They are 
power and machines. 


Power by which man power and horsepower are 
multiplied to practically any extent that may be 
desired, and machines which, when driven by power, 
will make or do numberless things which man may 
desire. At last it is possible for man, aided by power 
and machinery, to produce so far beyond the primary 
needs of food, shelter, clothes; and fuel, that not only 
can he greatly improve the quantity and quality of 
these, but provide numberless other conveniences, 
comforts, and luxuries; and these results are attained 
today with shorter working hours than formerly were 
necessary to achieve a much lower standard of living. 

These results have been a direct outcome of the work 
of the scientist, the inventor, and the engineer. And 
to these should be added other groups engaged in the 
practical application of science,—such as chemists, 
biologists, doctors, and architects. They have been 
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contributed to also by the promoter, the manager, the 
banker, and the capitalist—all necessary factors in the 
development of modern civilization but without the 
products of science, invention, and engineering, they 
could not have builded as they have. For not only is 
our modern civilization based upon science and its 
applications but these have furnished the capital 
necessary to realize the results attained. For capital 
is the margin between what we produce and what 
we consume for our day-by-day needs, and this margin 
is mostly due to the applications of science. Suppose 
that today China should decide that it should have 
transportation and a communication system equivalent 
in proportion to its population to that of the United 
States. How would it go about getting such a system 
promptly? There is no way that it could do so. In 
material and labor, this system would cost say 200 
billion dollars, for highways, railroads, motor cars, and 
telephone plants. This could not be borrowed, because 
aside from any question of credit, there is no such sur- 
plus available in the rest of the world; it is not to be 
had, because so much has not been saved in its whole 
existence of several thousand years. 

This brief outline of the development in the material 
aspects of modern civilization indicates sufficiently 
the part that has been taken in it by the scientist, the 
inventor, and the engineer. I have confined myself 
largely to the material aspects because the very nature 
of engineering has to do with physical things. Should 
it be inferred that the engineer has made no contribu- 
tion to the mental and spirtual advance of mankind? 
The facts by no means justify such a conclusion. 

Consider the printing press and its relations to the 
diffusion of knowledge. The phonograph and what it 
has done for music. The moving picture, and now the 
talking movie and their part in education and entertain- 
ment. Radio broadcasting and its bringing millions 
in direct touch with the finest orchestras, the greatest 
educators and entertainers, and enabling millions to 
hear the President of the United States when he speaks 
on a public occasion. The farm telephone and the 
automobile and what they have done to break down the 
isolation of farm life. Is the world’s great trans- 
portation system—railroads, motor cars, and steam- 
ships—used solely for business? Has travel ceased to 
have an educational value since the slowness, expense, 
and discomforts of the stage coach and of the sailing 
ship have been eliminated from it? And our communi- 
cation system—amail, telephone, and telegraph—does it 
contribute nothing to our higher life? Is it never 
used except in relation to the material aspects of life? 

If such contributions to our mental and spiritual 
development were all that have been given to the world 
by the engineer and his allies, they would be notable 
and more than refute the statement sometimes 
made that the engineer’s contributions are solely ma- 
terialistic. But this is by no means all. 

The development of culture requires leisure from the 
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struggle for existence. Was Athens the poorest nation 
in the world when it developed its wonderful literature 
and arts? It was materially the richest of its time. 
Was Florence, when it developed its school of painting, 
a poor and struggling city? Quite the reverse. Do we 
look today to Patagonia or Tasmania or to the Esquimos 
for high mental and spiritual development? We should 
if material welfare was inconsistent with spiritual and 
mental attainments. History justifies the statement 
that material, mental, and spiritual development as a 
whole go together, and that while a genius may develop 
under almost any conditions, a high and distributed 
culture is favored by a high and distributed material 
welfare. The scientist and engineer have sometimes 
done themselves injustice in assenting tostatements and 
occasionally even suggesting, themselves, that they have 
not contributed except to the material welfare of the 
world. 

Still another outgrowth of the development of science 
and of its application is the educational system of today. 
Not always is it realized that for the maintenance of our 
present educational system in this country, it is a neces- 
sity that there should be a sufficiently high standard of 
living to permit of the withdrawal from the immediate 
production of the necessities of life the hundreds of 
thousands of teachers who are directing this educational 
work and the millions of students who are taking part 
init. It is also necessary that there should be available 
huge amounts of capital to be expended for the provision 
of buildings and other necessary equipment. All of 
these have been rendered possible only by the results of 
applied science in increasing the margin over and above 
that necessary for existence. 

From the beginning of history, man has constantly 
struggled to improve his economic status. He has 
wanted an assured supply of food and more pleasing 
food, more comfortable and better lodging, more 
comfortable, better, and a greater variety of clothes, 
better shelter, more comforts of all kinds, more leisure 
and recreation, and now, through the tapping of the .- 
resources of nature, year by year and decade by decade, 
he is attaining these ends more and more, not only for 
the favored few but for the great mass of the people who, 
but a few decades ago, were believed to be condemned 
by the very nature of life in this world to an existence 
limited to the barest necessities. This sweeping change 
in the economic status of individuals and nations has 
given rise to many questions of a fundamental character. 
These questions have to do with social relations, edu- 
cation, economics, business, health, politics, and religion. 


‘They comprehend the whole relationship of man to man 


and of man to his environment. 

These questions do not depend for their solution upon 
engineering principles which so largely rest upon the 
characteristics of physical and inanimate things, but 
they have to do rather with people and with human 
reactions. This, however, does not take them out of the 
field in which the engineer must be skilled to do his 
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work. For even though the engineer’s main duty lies 
in the control of nature, the very organization of society 
which that control has given us means that the engineer, 
in his engineering work, must operate as a part of organ- 
ized society and conduct his relations with others with 
due regard to human reactions. The conquest of 
nature on a large scale must be done by those who can 
use organizations of men. The modern engineer should 
haveas great a capacity for human management, coopera- 
tion, and for dealing with others as the men in politics, 
religion, and other professions which are devoted pri- 
marily to the study of man. To the extent that the 
engineer can measure up to these requirements he may 
become.a leader in other fields of action, as well as being 
a leader in his own. 
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Whatever may be the part of the engineer in the solu- 
tion of these questions, his principal work and that 
which only he can do well, is to take the scientific 
facts made available by the scientist and, by their 
adaptation to practical ends, add to the welfare of 
mankind. And can we engineers, notwithstanding the 
stupendous advances of the 19th century and the gigan- 
tic steps forward of the first quarter of this century, 
doubt that still greater opportunities lie before us year 
by year, as with pride in the service that we render 
mankind and humility that so little has been done and 
so much remains to be done, we continue our work 
devoted to making this world a better and easier one to 
live in so that the burden of life may be lifted more and 
more from the shoulders of the average man. 


The Diverter Pole Generator 
BY E. D. SMITH: 


Associate, A, I. E. E. 


Synopsis.—This paper describes a new type of generator de- 
veloped to overcome certain limitations inherent in the shunt and the 


HE advantages of the constant-potential, the 
modified constant-potential, and the floating 
method of battery charging are quite generally 

recognized. These systems require a source of direct 
current of constant voltage. 

The following characteristics are desirable in a con- 
stant potential battery charging generator: 

1. It should preferably have a flat voltage curve 
which does not rise with increasing current at any 
point, otherwise stability of the correct charging voltage 
cannot be maintained without manual adjustment. 

2. It should operate safely as a motor without 
speed-up or polarity reversal during feed-back from the 
battery. 

3. It should preferably have a slight rise of voltage 
with decreasing current near zero load as a means for 
curbing a tendency to swing over to discharge during 
light loads. 

4. When floated on bus-control circuits, which 
are subject to heavy momentary loads, at some point 
above full load the voltage should abruptly droop to 
protect the generator from the high peaks by shifting 

them to the battery, otherwise the generator will be 
damaged. 

5. After the occurrence of these peak loads the 
generator voltage should return to its original value. 
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SHUNT AND COMPOUND GENERATORS 


increasing load shunt generator 
----------- decreasing load shunt generator 
wert. increasing load compound generator 
. decreasing load compound generator 
Nore. With ena eneeator the voltage comes back slightly lower after 
an overload while the compound generators voltage comes back slightly 
higher after an overload 


6. Commutation and efficiency should compare 
favorably with current standards. 

The shunt generator is inadequate as its voltage falls 
too greatly with increasing load. Voltage regulators, 
when sufficiently sensitive, are necessarily delicate, 
and being susceptible to external conditions are difficult 
to keep properly adjusted. 


1. Rochester Elec. Products Corp., Rochester, N. Y. 
Presented at the Northeastern District No. 1 Meeting of the 
A.I. HE. E., New Haven, Conn., May 9-12, 1928. 


compound generator, when used for charging batteries by the constant 
potential, the modified constant potential, and the floating methods. 


The compound wound generator fulfils some of the 
conditions but has its limitations. In case of feed-back 
from the battery the generator will motorize and run 
at an excessive speed and thus may cause damage. 
This is due to reversed current in the series coils buck- 
ing the shunt winding and lowering the field strength. 

Also, the voltage curve, Fig. 1, of a flat compound 
generator is too convex for constant potential battery 
charging. With this typical curve it is difficult to 
charge at any rate between zero and that corresponding 
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MAGNETIC FLUX IN MEGALINES PER POLE 
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Fig. 2—MAGNETIZATION CURVE 


in producing the regulating flux in the diverter pole generator 
the magnetic changes are confined to the diverter pole and 
take place on this part of the curve 

woe een --- in producing the regulating flux in the compound generator 
the magnetic changes occur in the main magnetic circuit 
and take place on this part of the curve 


to the maximum voltage point, unless resistance is 
interposed between the generator and battery. In 
fact, any reduction of the charging current below the 
value corresponding to maximum voltage will usually 
be followed by a downward surge to discharge. 

The voltage characteristic of the compound generator 
is curved, since the necessary magnetic changes pro- 
duced by the series winding take place in the main 
magnetic circuit in accordance with the magnetization 
curve of the machine, (Fig. 2). Usually in obtaining 
satisfactory design it is necessary to work at least partly 
on the curved portion of the magnetization curve and 
the compound generator reflects this curvature in its 
voltage characteristic. 

The following is a description of a generator desione! 
for the specific purpose of meeting the exacting require- 
ments necessary in a constant potential generator for 
battery charging: 

In this generator, as shown in Fig. 4, a small diverter 
pole (1) spaced midway between the main poles, has 
a magnetic bridge connecting it to one of the main poles. 
Magnetic flux from the main pole will leak across this 
bridge to the diverter pole. A restricted section at 2 
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in this bridge performs two functions: first, it limits 
the leakage, and second it serves as a magnetic choke, 
whereby it is possible to regulate the magnetism passing 
to the armature from the inner face of the diverter pole 
at 3. This regulation is possible since practically the 
whole of the main field ampere turns acting on the di- 


verter pole are concentrated in overcoming the reluc- — 


- tance at this one restricted section, so that any reduction 
of the flux through this restricted section will release 
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---—----- increasing load self excited 

----------- decreasing load self excited 

Sn increasing load separately excited 
Norr.—The voltage comes back slightly higher after an overload 


ampere turns expended here and raise the magnetic 
potential at 3 and consequently increase the magnetism 
passing to the armature at this point. At no load 
substantially all magnetic flux crossing the bridge will 


Fig. 4—Maenetic Fuux Distrrution at No Loap 
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take the low reluctance path through the diverter pole 
_ (1) back to the frame without pausing through the 
armature. A coil in series with the load circuit sur- 
rounds the diverter pole. This coil, as the load current 
increases, opposes and reduces the passage of magnetic 
- flux through the diverter pole (1) to the frame. 

~The decrease of flux through the restricted section 
at 2, attending any reduction of flux through the diverter 
pole, (1), produces, as above stated, a rise in the mag- 
netic potential at 3. The result is that part of the 
magnetic flux leaking across the bridge will take the 
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air-gap path to the armature at 3 (Fig. 5), adding its 
value to the main pole flux and compensating for the 
voltage drop in the generator. 

No variation of flux from the main pole to the arma- 
ture occurs as there is no change in the magnetic poten- 
tial at the main pole air gap. This follows, since neither 
the main pole nor the frame is highly saturated and the 
small variation of flux through these parts, due to the 
change of flux through the diverter pole, produces no 
appreciable variation in ampere turns of the main field 
excitation expended on this part of the main magnetic 
circuit. 

A flat voltage curve is obtained since the magnetic 
changes produced by the series winding take place only 
in the diverter pole (1), and as the flux density here is 
kept low these changes occur on the low straight portion 
of the magnetization curve, thus eliminating most of 


Fig. 5—Maaenertic Fuux Disrrisution at Punt Loap 


main flux 
------------- leakage flux 


the curvature from the generator voltage characteristic. 
These magnetic changes occurring in the diverter pole 
take place from a higher to a lower density on increasing 
the current output of the generator. This is the 
reverse of the occurrence in the compound generator, 
and the effect is to invert whatever part of the magneti- 
zation curve appears in the generator voltage character- 
istic, producing a concave instead of a convex voltage 
curve. By the proper adjustment of the diverter pole 
winding an almost straight curve is obtained with a 
slight rise on approaching zero load. 

When motorizing, the main field strength is main- 
tained substantially at its full value, as reversed current. 
in the series coil can divert no further leakage due to 
saturation of the bridge restriction at (2). Also, any 
tendency for the diverter pole (1) to establish itself as 
an independent pole opposite in polarity to the main 
pole is limited to a safe value since the diverter pole 
already carrying the leakage flux quickly approaches. 
saturation at any increase of flux through it, and safe 
operation as a motor is assured. 

At some value of the load current the ampere turns 
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on the diverter pole equal those on the main pole and 
at this time the magnetic flux leaking across the bridge 
to the diverter pole is all re-diverted across air-gap 3, 
and there is no further leakage flux for an increased 
current to re-divert to the armature, 

What occurs when the load is increased beyond this 
point is best illustrated by some recent tests. 

The machine tested was a 11%4-kw, generator, designed 
for floating with a 129-volt bus control battery. For 
the tests, this generator was equipped with a pair of 
movable exploring brushes by which the voltage around 
the commutator could be checked step by step and the 
flux distribution determined, 

I'ig, 6 shows the flux distribution when the generator 


Mia, 6 


When exeitation of diverter poles is increased, armature carrying no 
ourvent, brushes up, with main fields separately excited at constant value 


Lox Disvramorion Cunvaus 


0 amperes in diverter pole coils 

f amperes in diverter pole coils 
10 amperes in diverter pole coils 

~ 15 amperes in diverter pole coils 
, 20 amperes in diverter pole coils 
26 amperes in diverter pole coils 
40 amperes in diverter pole coils 


was operating with brushes up, shunt fields separately 
excited at a constant value and various currents passed 
through the diverter pole coils. ‘This shows that the 
regulating flux is produced only at the diverter pole 
face, the flux from the main pole remaining practically 
constant, 

igs, 7 and 8 illustrate flux distribution under load, 
Vig, 7 showing flux changes up to the voltage cut-off 
point of 14 amperes. ‘This shows the effect of armature 
reaction in the crowding of the main field to the right 
and in the partial suppression of the diverter pole field. 

Vig. 8 shows that with any increase in the load current 
beyond the cut-off value of 14 amperes, instead of an 
increase in the diverter pole field there is a definite and 
decided collapse. With this collapse of the diverter 
pole field the terminal voltage falls and hence the main 
field excitation is reduced which accounts for the reduc- 
tion of the main pole flux. The solid line of Fig. 8 
shows the voltage regulation for this machine. 
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Fig. 9 represents flux distribution under conditions 
similar to those of Fig. 8 except that here the main 
fields were separately excited and maintained constant 
during the test. The broken line of Fig. 3 shows the 
voltage regulation for this machine. 
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When output is increased up to the voltage cutoff point at 14 amp. with 
main fields self excited 
O amperes generator output 
3 amperes generator output 
. 6 amperes generator output 
9 amperes generator output 
: 12 amperes generator output 
.,7.,,.,7 14 amperes generator output 
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Via. 8—Fiux Distrisurion Curves 


When diverter pole generator is loaded beyond the voltage cutoff point 
at 14 amp, with main fields self-excited, Although the load was increased 
the amperes decreased due to the falling voltage 

14 amperes generator output 
weet 14,4 amperes generator output 
. o=.c7.t.7,7, 7 14 amperes generator output 
11,2 amperes generator output 


This test also shows the collapse of the diverter pole 
field when the load current is increased beyond the 14- 
ampere point at which the ampere turns on the diverter 
poles equal those of the main pole. , 

It appears from these tests that when the ampere 
turns on the diverter pole exceed those on the main 


- pole to the diverter pole. 
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pole, the flow of magnetism through the diverter 
bridge is reversed. Magnetism now flows from the 
diverter pole to the main pole and not from the main 
Under these changed condi- 
tions the magnetizing action of the armature assists the 
flow of magnetism through the bridge instead of 
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Fia. 9—Fiux Distrinvtion Curvas 


When diverter pole generator output is increased beyond the voltage 
cutoff point at 14 amp. with main fields separately excited at constant value 
14 amperes generator output ; 

16 amperes generator output 
18 amperes generator output 
.. - 20 amperes generator output 
~...~...~ 22 amperes generator output 
“secs eeee™ 24 amperes generator output 
26 amperes generator output 
28 amperes generator output 
us NERS 30 amperes generator output 
Wels «gine ed -~ 45 amperes generator output 
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Fia. 10—Fivux Disrrinotion Curves 


During short circuit of diverter pole generator with main fielda self- 
excited. The flux pulsates between the values shown by the solid and 
broken line curves 


opposing it. In fact, under heavy loads the magnetism 
does actually reverse and pass from the armature to the 
bridge, and joining with the main pole flux, passes back 
to the armature at the hindward pole tip, constituting 
cross magnetism, while the magnetism from the diverter 
pole crossing the bridge flows backward through the 
main pole to the frame returning to the diverter pole 
without passing through the armature. 
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This theory requires the co-existence of two opposite 
magnetic fluxes in the main pole and also in the frame. 
However, it is the only apparent explanation of the 
definite collapse of the diverter pole field occurring with 
each increase of the diverter pole ampere turns above 
those of the main pole. 

Fig. 10 shows flux conditions during short circuit, 
the flux pulsating between the values shown by the 
solid and broken line, the voltage and current pulsating 
also between the positive and negative values of 0.7 
volts and 19 amperes. 

Fig. 11, which represents conditions when generator 
is operated as a motor, shows some distortion of the 
main field due to armature reaction and a slight re- 
duction of the diverter pole field due to reversed current 


-Fuux Disrareurion Curves 


Fic. 11— 


When diverter pole generator is operating as a motor with varying load 
0 ampere output as generator 

4 ampere input ae motor 

10 ampere input ae motor 

_.~ 6h ampere input as motor 


ee ee 


in diverter pole coils, this reduction being insufficient, 
however, to cause any instability in speed when 
motorizing. 

When the load on the generator decreases a descend- 
ing excitation is produced in the diverter pole coils and 
due to the effect of hysteresis this descending excitation 
leaves a slight residual magnetic field passing from the 
diverter pole face to the armature. This accounts for 
the voltage being slightly higher after an overload than 
before, as shown in Fig. 3. 

Good commutation is assured as the diverter pole 
provides a commutating field of the correct direction 
for improving commutation and this field varies with 
the current output as in an interpole generator. 

The efficiency will equal that of a similarly rated 
compound interpole generator since the excitation on 
the main poles will equal the shunt and series excitation 
and diverter pole excitation will be the same as that of 
the interpole of the compound generator. 
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Figs. 12 and 13 illustrate the pole and the complete 
field assembly of the diverter pole generator. 

The characteristics of this generator are desirable 
for many battery charging applications. 

In telephone exchanges whem floated in parallel 
with the main battery, the generator maintains the 
voltage within the close limits required for correct 
operation of the equipment and furnishes the current 
directly to the exchange without its passing through 


12— Diverter Pots 


Fie. 

The hole im the bridge does Rot appear as the two end laminations are 
Perched without this hole the Inner laminations have the hole as shown in 
Figs, 4 and 5 
the battery. Considerable economy is effected by the 
saving of power and in the increased life of the battery, 
and also by a saving of labor through the elimination 
of the necessity of manual voltage regulation. 

When several batteries are charged in parallel by the 
constant potential or modified constant potential 
method, as in recharging of vehicle and automobile 
batteries, the advantage of constant voltage, coupled 
with the ability to operate safely as a motor without 
polarity reversal or speed up during power failure is 
quite apparent. 

In contro! bus operation, where a small generator is 
connected and operated continuously in parallel with 
a battery for switch operation, all of the desirable 
characteristics of this generator are utilized to ad- 
vantage. 

The flat voltage characterstic insures maintenance 
of correct fioating voltage under varying load conditions 
with minimum supervision. 

The ability to motorize safely without speed up 
or polarity reversal gives security during power in- 
terruptions. 

The slight mse in voltage with decreasing current 
near zero load and the recovery momentarily to a 
shghtly higher voltage after an overload combines to 
produce the desired stability of the correct floating 
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voltage at the light load which constitutes the normal 
operating condition. 

The sharp droop in the voltage just above full load 
amply protects both the generator and motor from 
danger of overload during switch operation. 

The high voltage recovery after overload prevents 
the gradual diminishing of the generator voltage and 
consequent discharge of battery that occasionally 
happens with a shunt generator from the repeated 
overloading occurring in this service. 

An advantage of the constant-voltage characteristic 
is that the battery is more quickly charged after it 
has been carrying load, since the battery is charged at 
a higher rate than with a generator of drooping voltage 
characteristic. This is an additional advantage as the 
higher charging rate tends to keep the battery, partic- 
ularly the negative plates, in good condition. It also 
appears that the slight variations which may occur in 
the frequency of the power circuit should produce a 
beneficial effect in the battery when floated on a di- 
verter pole generator. The voltage of the generator 
will follow these frequency variations and either 
slightly charge or discharge the battery as these varia- 
tions are above or below normal. This will give a 
desired amount of activity to the negative plates 
without overcharging the positive plates. 

It might appear that a generator with a drooping 


Fie. 13—Diverree Powe Fireip Ass=uBiy or a 71¢-VoLr 
G=nrRatTor For Consranr Porexriat Cuarncixe or Avro- 
MOBILE AND Rapio Barreeres 


voltage characteristic is desirable for this floating 
method since the charging current is less affected by 
speed variations of the driving motor. However, as 
these generators are usually driven by induction motors 
their speed is not affected by variations in voltage, 
variations in frequency bemg the only cause of speed 
variation. Since the frequency of modern commercial 
power circuits is held within very close limits, no ob- 
jectionable variation of motor speed is encountered 
which would justify the use of a drooping voltage 
generator for its damping qualities. 
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The battery discharge during switch operation is not 
so great where the diverter pole generator is used, 
since the generator supplies the current demand up to 
its full load capacity, while the shunt generator gives 
little assistance to the battery at this time. This means 
that a higher bus voltage will be maintained during 
switch operation with the same size battery when 
floated with a diverter pole generator. 

In some power applications, as for instance, car 
retarder operation, the load demands, while still inter- 
mittent, are more frequent and of longer duration so 
that the equivalent continuous load is a greater per- 
centage of the battery capacity. 

In this case it is desirable to restore the battery charge 
as much as possible between the heavy demands and 
it is also desirable that the bus voltage be maintained 
under varying load so that uniform response will be 
assured at the various control stations. 


The generator designed for this application absorbs all 
loads up to 200 per cent of its normal rating, maintain- 
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ing constant bus voltage up to this point and the 
battery is only called into action during loads in excess 
of this value. 

Several thousand of these generators have been 
built and are operating on various battery charging 
applications, and their performance. has justified the 
conclusion that the generator has many advantages 
where the constant potential, modified constant po- 
tential, or the floating method of charging is used. 


The outstanding feature of this machine is its ability 
to give constant voltage with varying load and still be 
safe from speeding up or polarity reversal during feed- 
back from the battery. However, the other char- 
acteristics, viz., the inverting of the voltage curve which 
makes for stability of the charging voltage, the high 
voltage recovery after overload insuring voltage 
stability on light loads, and the drooping of the voltage 
on overload which protects it from serious overloading, 
contribute to its adaptability to the battery charging 
field. 


An Amplifier to Adapt the Oscillograph 


to Low-Current Investigations 
BY SIGMUND K. WALDORF: 


Associate, A. I. E. E. 


Synopsis.—There has been need in several fields of electrical 
engineering research for a means to study time relations, wave forms, 
and similar phenomena where only infinitesimal currents are ob- 
tainable. The limitations and advantages of several possible 
methods of investigation are briefly compared, and the conclusion 
reached that the ordinary oscillograph can be most profitably adapted 
to such work. 

The best form of vacuum tube amplifier for the work is then 
discussed, followed by a description of the steps taken in the design 


INTRODUCTION 

HE ordinary type of oscillograph, operating on 
T the D’Arsonval principle, has proved of great 

value in many fields, but the currents required to 
give workable deflections are so large as to restrict its 
use to cases where the available currents are greater 
than approximately a twentieth of an ampere. To 
obtain fairly large deflections, about a tenth of 
an ampere is necessary for alternating currents and 
almost a fifth for continuous currents. For low 


current investigations, where the currents are less than: 


these values, one must look around for other means or 
apparatus to meet the requirements. The cathode ray 
oscillograph or the Einthoven string galvanometer 
might be mentioned, but they have several serious 
limitations for engineering problems for which the usual 
type of oscillograph has desirable characteristics. For 
combined sturdiness, ease of operation, transient 
recording, simultaneous multiple recording, and general 
utility the oscillograph far surpasses these other 
instruments. 


Thus it has been thought worth while to adapt the 
oscillograph to small currents by means of a suitable 
vacuum tube amplifier. Such amplifiers are in common 
use for many purposes, so that their various forms and 
principles of operation are now widely known. The 
particular problem in this case was to obtain perfect 
reproduction over the entire frequency range of the 
oscillograph, a requirement calling for the careful 
selection of the proper circuit and careful subsequent 
design and construction. An amplifier circuit utilizing 
transformers cannot be expected to give perfectly 
equal amplification of all frequencies over a wide range. 
This can be predicted from theoretical considerations 
and has been shown experimentally in the unpublished 
effort of another investigator using a resistance coupled 
amplifier with a transformer in the output circuit. 
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of a suitable resistance coupled amplifier. 
described. 

The results of tests showing quality of reproduction are given in 
the form of oscillograms and a characteristic curve. The recom- 
mended procedure to be followed and the necessary precautions to be 
observed in the use of the amplifier are given, with a short discussion 
of the abilities and possibilities of the oscillograph in its widened 
field of usefulness. 


This amplifier is then 


The purpose of this transformer was to obtain sufficient 
oscillograph current without requiring excessive plate 
current from the output vacuum tubes. 

With this in mind, the resistance-capacity coupled 
and the straight resistance coupled amplifiers are the 
only ones that can be expected to give faithful amplifi- 
cation over a wide range of frequencies, so these were 
the only two seriously considered here. As will be 
seen later, the resistance coupled circuit was the only 
one found to be entirely satisfactory for all frequencies 
for which the oscillograph can be used, and it has the 
additional advantage that it amplifies continuous cur- 
rents as well as alternating. The amplifier which has 
been built and is described in this paper will therefore 
meet all frequency conditions for which the oscillograph 
is applicable. 


PRELIMINARY DESIGN AND TESTS 


After it was decided to try the resistance-capacity 
coupled amplifier first, a survey was made to determine 
which of the many kinds of available vacuum tubes were 
best suited to the purpose. The Western Electric 
102-D and 104-D tubes were thought to be the most 
desirable. Their nominal ratings as furnished by the 
manufacturer are given in the following table. 


VACUUM TUBE RATINGS 


102—D 104—-D 
Normal filament current (am- 

POLES.) ace say ae ae es 0.95 0.97 
Normal filament voltage..... 2 to 2.5 4to5 
Normal filament voltage... .. 2 to 2.5 4 to 5 
Normal plate voltage........ 100 to 150 100 to 150 
Normal grid voltage......... Oto —3 —15 to — 30 
Normal plate current (milli- 

amperes) cscse een ae 0.3 t01.5 10 to 30 
Plate-fillament impedance 

(ohms); 33. eee ecm 40000 to 100000 ~=1500 to 3000 
Amplification constant....... 26 to 34 2to3 
Maximum safe plate voltage. . 160 160 


The plan for the amplifier was to place the input 
on the grid of a 102-D tube and have the plate circuit of 
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this tube act on the grids of a number of 104-D tubes 
with their grids, filaments, and plates connected in 
parallel. The oscillograph element was to be connected 
directly into the combined plate circuit of these 104-D 
tubes. As no transformers were to be used anywhere 
in the circuit because of possible distortion, the 102-D 
tube was chosen for the first stage for its high amplifi- 
cation constant, and the 104-D tubes for the second 
stage for their high current output at relatively low 
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plate voltage. As it could be seen that the plate cur- 
rent requirements of the output tubes would be severe, 
the parallel arrangement in the output stage was called 
for. The power requirements of both these types of 
tubes are not exceptional and can be handled easily. 

The characteristics of the two types of tubes were 
taken with the plate milliammeter the only external 
plate impedance, holding the applied plate voltage 
constant at the maximum safe value (160 volts). 
These characteristics are given in Figs. 1 and 2. The 


Western Beier 104-D Tube 
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Fic. 2—Typrcat CHARACTERISTIC OF A WESTERN ELECTRIC 
104-D Vacuum Tuse witn NecGuiciste EXTERNAL PLATE 
IMPEDANCE. PLATE VoLtTAGE = 160 


PLATE CURRENT IN MILLIAMPERES 


characteristic curves of the 102-D tube were then taken 
with appreciable external plate impedance to determine 
the proper resistance to give a perfectly straight 
characteristic. After a few trials, a plate impedance of 
approximately 25,000 ohms was found to be the proper 
value, giving a straight characteristic for negative grid 
potentials between zero and approximately three and a 
quarter volts. Under these conditions the voltage 
variation across the plate impedance was slightly 
more than 28 volts, as calculated from the plate 
impedance and the change in plate current. 
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The characteristics of the 104-D tubes indicated that 
these tubes would give straight line reproduction in 
use if the total grid voltage variation did not exceed a 
maximum value of 30 volts, varying from — 3 to 
— 33 volts. 

A resistance-capacity coupled amplifier was then 
made up using the connections of Fig. 3. This was in 
two stages—the first designed for voltage amplification 
with the 102-D tube, and the second for maximum 
possible current output with two 104-D tubes in parallel. 
The bias on the first stage was — 14% volts and that 
on the second was varied from — 15 to — 22% to 
determine the most suitable value. The plate impe- 
dance of the first tube was two lavite resistance units in 
series, of 25,300 ohms total resistance. The two- 
microfarad coupling condenser was an ordinary tele- 
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3—CONNECTIONS OF THE TRIAL RESISTANCE-CAPACITY 
CourLep AMPLIFIER 
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phone condenser of waxed paper and tinfoil. The grid 
leak was ordinarily 100,000 ohms of lavite resistors, but 
was varied from about 140,000 to about 40,000 ohms to 
find the best value. Other necessary information is 
given in the diagram of Fig. 3. 

To test the quality of reproduction of the amplifier, 
it is necessary that the input wave form be recorded as 
well as that of the output, and that the input as indi- 
cated by the input. oscillograph element be absolutely 
the same as that impressed on the amplifier input. To 
attain this, the input connection shown in Fig. 4 was 
used for all tests of reproduction. The 57- and the 
355-ohm resistances were tube rheostats used as a 
potential divider to give the desired voltage across the 
4-dial resistance boxes. This voltage was read on a 
General Electric Type P3 voltmeter with a 30 volt 
range. The resistance R, was zero in. the earlier 
tests but had values up to 105,000 ohms in the tests of 
reproduction of the final amplifier. Its function in the 
input grid circuit will be explained later. 
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In order that all the conditions of testing should be 
known in the earlier work, a sine wave was used for 
the input. The potential divider was adjusted to give 
exactly 21.2 volts on the 30-volt voltmeter, which gave a 
peak value of 30 volts across the 4-dial resistance boxes. 
This gave a total voltage variation across these boxes 
of 60 volts between opposite alternating wave peaks. 
For example, in the first test it was desired to have an 
input grid variation of exactly three volts. Using 20 
ohms per volt based on peak values, R: was dialed to 
30 ohms and R, to 569 ohms. This value of R, allows 


input to 
Amplifier 


Fic. 4—CoNNECTION USED TO ImpREsS KNown INPUT ON 
THE AMPLIFIER 


one ohm for the resistance of the input oscillograph 
element, which was actually 1.5 0hms. In this manner, 
the input conditions were known very exactly to be the 
desired three volts variation. 

The amplifier of Fig. 3 was tested in this way and 
showed poor reproduction. The amplitude of the out- 
put wave was only half an inch between opposite peaks, 
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Fie. 5—Duistortion or a 60-Cycte Sinz WAVE BY THE 
Ouvrput Stace or THE TRIAL Resistance-Capaciry CoupLep 
AMPLIFIER 


and showed a decided flattening effect on waves of one 
side and a peaking effect on those of the opposite side. 

To determine which stage of the amplifier was re- 
sponsible for the distortion, the first stage was removed 
and 30 volts grid variation placed directly on the 
104—D tubes through their coupling condenser and grid 
leak. To increase their plate output, a third tube was 
added in parallel to the other two, and the three 
operated under these conditions gave an amplitude of 
approximately an inch. The distortion was. still 
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decidedly present, as can be seen in Fig. 5. The straight 
line marked “1” on this oscillogram was obtained when 
the output oscillograph element was disconnected from 
the output plate circuit and no current flowed through 
it. 

Further similar trials were made with this form of 
amplifier, investigating the effects of various values 
of coupling condensers, grid leaks, grid bias, and 
variations of grid input potential. But even at 
relatively small amplitudes the distortion was very 
apparent, if not at one frequency, at another. Finally 
the decision was reached that it was quite hopeless to 
attain perfect reproduction over the desired range of 
frequencies using resistance-capacity coupling. 

FINAL FORM OF THE AMPLIFIER 

Utilizing the experience obtained in the experiments 
on the resistance-capacity coupling, and with the 
aid of a few further experiments, a plain resistance 
coupled amplifier was finally designed and built ac- 
cording to the plan of Fig. 6. As there are several 
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interesting features included in this amplifier, it will be 
described in some detail. 

It is necessary that each stage have its own set of 
filament and plate batteries. The battery requirements 
éf the first stage are not unusual. The filament voltage 
of the 102-D tube is kept at 2.25 volts and draws 
about 0.9 ampere filament current. A 6-volt filament 
storage battery is used simply for convenience, as the 
usual commercial storage battery has three cells. 
Naturally, a 4-volt battery would be just as satisfactory 
for the purpose. The plate battery for this stage is 
seven blocks of the usual 2214-volt radio B batteries. 
Using fresh batteries, the plate voltage is very close to 
160 volts. These batteries should maintain this 
voltage for considerable time as the current drain is 
only a little over a milliampere. 

The battery requirements are much more severe in 
the second or output stage. The current drain on the 
6-volt filament storage battery is 6.25 amperes when 
the filament voltage is held at the fixed operating 
value of 4.5 volts. The filament rheostat is two 15-in. 
lengths of No. 18 advance wire, suspended together in 
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parallel between two porcelain insulator knobs. The 
slider is a 15-ampere battery clip with a lead from the 
negative battery terminal. One end of the resistance 
wires is connected to the common negative filament 
lead. 

The plate battery is a heavy-duty radio storage 
battery with a current rating of a quarter of an ampere. 
This battery has a number of end cells so that the volt- 
age can be maintained at 160 volts. When the ampli- 
fier is in operation, the terminal voltage of this battery 
falls off two or three volts due to the internal resistance 
of the cells. When the additional plate impedance 
was placed in series with the output oscillograph 
element, this was kept in mind. If the storage battery 
were of sufficient capacity to maintain constant voltage, 
this extra resistance would be made greater than 16.3 
ohms. Because of this slight voltage variation, it 
has been found desirable to have the plate voltmeter 
connected across this battery all the time it is in 
operation, so that the plate voltage may be noted at 
any time. 

The added plate resistor of 16.3 ohms was found 
necessary to help straighten the characteristics of the 
104—D tubes. As it must carry as much as a quarter 
ampere it is made of No. 24 double cotton-covered 
advance wire wound non-inductively on a wooden 
spool. A further aid in straightening the character- 
istic is the potential divider arrangement of the two 
incandescent lamps LL in series across the tube fila- 
ments. When under operating conditions the maxi- 
mum plate current is drawn from each tube, the plate 
current is of the order of seven per cent of the normal 
filament current. If all this flows into the filament 
at one end there will be excessive heating of the fila- 
ment at thisend. There will then exist an appreciable 
change of the filament temperature with change in 
plate current, causing an irregular amplifier character- 
istic. Providing two parallel paths for the plate current 
reduces this effect to a minimum by giving a more even 
division of the current between the two ends of the 
filament. 

Using a potential divider of two 200-watt, 120-volt, 
Mazda C lamps as shown, actually improved the 
operation of the amplifier considerably. Of course, 
besides having the effect described, these lamps are 
additional resistance in the output circuit, thus serving a 
double purpose. The lamp resistance varies with the 
applied voltage, but with the constant filament voltage 
maintained, their combined series resistance was found 
to be fixed at about 15 ohms. 

The negative grid bias on the 102-D tube is 1.6 volts 
furnished by a single small flashlight cell. No bias 
battery is needed on the 104-D tubes; the proper 
bias is furnished by the drop across the plate impedance 
of the 102-D tube. The voltage drop across this plate 
impedance ranges from 4.9 to 33.1 volts in the working 
interval. This impedance is 24,500 ohms pure resis- 
tance of two lavite cylinders in series. 
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To reduce to a minimum inductive and capacity 
effects which are troublesome at the higher frequencies, 
the amplifier has been made as compact as possible. 
The amplifier itself, with its tubes, lamps, resistances, 
and miniature filament voltmeters, is all mounted on a 
board 25 by 12 in. The dry B batteries, the two fila- 
ment and the input switches, and the plate voltmeter 
(of the regular larger size) are on the table supporting 
the amplifier board. The total table space used is 
29 by 34 in., which allows space to spare. The two 
filament storage batteries and the plate storage battery 
are placed on the floor beneath the table. Provision 
has also been made to charge the filament storage 
batteries easily by the use of double-pole, double- 
throw switches in place of the single-throw filament 
switches of Fig. 6. To avoid unimportant com- 
plications, these connections have not been shown on the 
amplifier diagram. Otherwise, the amplifier is as simple 
as the diagram indicates. 


TESTS OF REPRODUCTION 


The performance of an amplifier under all possible 
conditions must be, necessarily, the criterion of its 
worth. ‘This particular amplifier has been tested under 
a number of differing conditions and has been found to 
have excellent properties. 

As the amplifier is to work with the oscillograph, 
all tests were made considering the combination as a 
single unit designed to record low-current phenomena. 
The conditions on the oscillograph as well as those on 
the amplifier were kept under close observation. 
For all tests, the tensions on the oscillograph elements 
were kept at five ounces, and when observations were 
made, the galvanometer field current was kept at the 
rated saturation value of 0.35 ampere or slightly above. 


Resistance coupling is a d-c. amplifier circuit and 
permits of taking a static characteristic curve. This 
was done, (for results see Fig. 7) where the sensitivity 
of the output oscillograph element was 40 milliamperes 
per centimeter deflection. As can be seen, straight 
line reproduction is obtained for grid potentials between 
zero and —3.2 volts, with a total change of oscillograph 
deflection of 5.2 centimeters. With a grid bias of 
—1.6 volts on the input, operation takes place in the 
middle of this range. In tests where the input wave 
form is unknown, the amplitude is kept well within 
these limits, so that any peaks present will not be 
distorted by being beyond the straight portion of the 
curve. 

The static characteristic curve brings out an interest- 
ing property of this amplifier, which is that the amplifier 
cannot be seriously overloaded. ‘This is due to cut-off 
occurring in either the first or second stages when the 
input grid potentials become excessive. The phase of 
the input is reversed in the output, that is, an increase 
of input grid potential decreases the output current. 
If the,input grid is given an increase in potential, the 
plate current of the 102—-D tube increases with a con- 
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sequent decrease in the potential of the 104—D tube 
grids. This decreases the output current. If the input 
voltage is too high, the output grids become sufficiently 
negative to cause close to cut-off in the 104-D tubes. 
If the opposite condition should occur, the input grid 
becoming strongly negative, the plate current of the 
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Fic. 7—CHARACTERISTIC OF THE COMBINED VACUUM TUBE 
AMPLIFIER AND OSCILLOGRAPH 


102-D tube will be very small and the output grids will 
approach zero potential, which they cannot exceed. 
This limits the output current to that which the 104—D 
tubes furnish with zero grid potential. Although this 
may damage the oscillograph element if left on for any 
time, the amplifier should not be affected. 

Tests were made with alternating currents over a 
wide range of conditions. It is here that the resistance 
R, in the input grid circuit serves an important purpose. 


Firm No. S 
co~ 


1. Ampiifier Ovt put 
2.Amplitier Input 


Feb, 23,1927. 


Fig. 8—ReEpRODUCTION oF A 60-CycLEe SINE WAVE 


(See Fig.4) This was given values from zero to 105,000 
ohms. If the grid currents were of the same order of 
magnitude, or even somewhat smaller than the currents 
to be amplified, there would be distortion introduced 
when the grid circuit impedance is made very high. 
The effect of this grid impedance is not noticeable for 
any values within these limits. The oscillograms shown 
are with this high resistance inserted. This amount 
was used because the author was most interested in the 
behavior of the amplifier when the currents to be 
amplified are of the order of five to ten microamperes, 
or larger. With these small currents the necessary: 
circuit resistance to be inserted to obtain proper input 
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grid potential variations is of about the stated value. 
If it is desired to amplify smaller currents than this, or 
the available voltage variation is too low to give good 
oscillograph amplitude, a third stage may be placed on 
the amplifier, identical with the 102-D stage and acting 
on this stage with the necessary change of grid bias. 
Under such conditions the input. voltage variation need 
be only little more than a third of a volt and the 
amplifier currents possibly of the order of a micro- 
ampere for maximum amplitudes. 

Figs. 8 and 9 show the quality of reproduction of the 
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amplifier with a sine wave impressed. The straight 
lines on these figures are the zero lines of the input 
voltages; no zero lines were taken on the output. The 
amplitudes of the output waves are two inches, which is 
about the limit for perfect reproduction. It should be 
borne in mind that the relative amplitudes of the input 
and output waves have no significance, as the size of 
the input wave depends on the ohms per volt in the 
four-dial resistance boxes of the input connection, 
whereas the output wave depends upon the input grid 
voltage variation. 


Firm No.13 
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Fig. 10—Repropuction or a 58-Cycie ALTERNATING WAVE 
or IRREGULAR Form 


Fig. 10 shows the reproduction of an a-c. wave with 
slot ripples present on the peaks; Fig. 11, a fairly smooth 
wave taken at a higher frequency, where the wave 
forms of the cycles varied. The amplitude on Fig. 10 
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Oct. 1928 


is 134 in. between opposite peaks; that on Fig. 11 is 
1% in. 

Fig. 12 is of special interest as this is a record of a 
transient phenomenon of very irregular wave form. 
As the form of the wave was unknown, when the record 


was being made, the amplitude of the light spread of. 


the oscillograph was widened until it was about 11% in., 
by increase of the resistance across which the input was 
connected. This allowed ample room on the straight 
portion of the amplifier characteristic for any peaks that 
might have been present and not apparent on the 
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11—ReEPrRopDUCTION OF A 135.5-CyrcLe ALTERNATING 


Wave or Varyinc Form 


Fig. 


stationary ground glass scale. Then the film was ex- 
posed and the record obtained. The arrow points to 
a short oscillation which occurred and which was repro- 
duced very well. As this oscillation is at about 4500 
cycles and is amplified satisfactorily, it is indicated that 
the amplifier will take care of all conditions which the 
oscillograph itself can handle properly at the higher 
frequencies. 

A careful study of these tests shows that the amplifier 
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Fic. 12—ReEpropuction oF A VERY IRREGULAR TRANSIENT 


ALTERNATING CURRENT 


sar arrow indicates the presence of a damped oscillation of approximately 
4500 cycles per sec. 


described gives identical reproductions and that it is 
competent to extend the range of the oscillograph down 
to five or ten effective microamperes at one effective 
volt on alternating current, or slightly higher voltage 
on direct current. 
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PROCEDURE AND PRECAUTIONS 


A few words should be said concerning the actual 
use of the amplifier. It is believed that it has been 
reduced to its simplest possible form and that apparatus 
requiring the operator’s attention is at a minimum. 
The observations and tests described have been made 
by a single operator without difficulty. The ordinary 
care exercised in the use of the oscillograph and of 
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Fic. 13—AccrentuatTion oF HicHer Harmonics BY THE 
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vacuum tubes should be sufficient for the proper opera- 
tion of the combined amplifier and oscillograph. 
Whenever the amplifier is used, the input grid 
battery and the dry cell plate battery should be tested 
to see that their voltages are correct. The grid 
battery, especially, should be watched and not allowed 
to get below approximately 1.54 volts. If the maxi- 
mum amplifier output is to be obtained at all times, it 
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has been found advisable to hold this grid bias close 
to 1.60 volts. 

The filament and plate storage battery voltages 
should be kept as close to the proper values as con- 
venient. Slight changes in these have not been found 
to cause distortion if such changes do not occur during 
the interval when the film is being exposed. 

As mentioned previously, if a storage battery is 
available for the plate supply of the 104-D tubes which 
has sufficient capacity to maintain its voltage, the value 
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of the additional resistance in the output circuit must be 
made greater than 16.3 ohms by about 8 ohms. Of 
course the exact value must be determined by experi- 
ment in any particular instance. 

To lengthen tube and oscillograph element life, 
the output circuit should be closed only so long as is 
necessary for proper adjustments and observations. 
It is advisable also to turn off the filaments of the 
vacuum tubes as soon as convenient. 

An interesting effect of unduly long leads is illustrated 
in Fig. 18. When not in use on the amplifier, it was 
desired to use the plate storage battery for other work, 
so about 150 ft. of insulated twisted pair were run 
from the battery to the other apparatus in question. 
Shortly after this had been done, the test of reproduction 
was made which is shown in Fig. 13. The irregularities 
of the input are much exaggerated in the output, 
indicating over-amplification of the higher frequencies. 
This new development in the amplifier was puzzling 
until the presence of the additional long leads came to 
mind. They were removed and the reproduction 
returned to its former good quality. The explanation 
of this effect is that the long twisted leads acted as a 
by-pass condenser across the plate battery for the 
higher frequencies. ’ 

An instance of the usefulness of the amplifier is 
given in Fig. 14, which is a test made to observe the 
commutator ripple of a high-voltage d-c. generator 
when shunted by condensers. Some research was in 
progress for which it was desirable to determine what 
could be done to remove the ripple of a 15,000-volt 
machine. The oscillograph was the logical means to 
employ for observation of the ripple, but as the oscillo- 
graph ordinarily requires about a tenth of an ampere for 
such indications, it is difficult to obtain and handle 
resistance for this current and voltage to be placed in 
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series with the oscillograph element. So a suitable 
resistance, taking about three milliamperes at the given 
voltage, was connected across the generator and the 
amplifier input connected to a four-dial resistance box 
in the tail circuit. For this work a negative input grid 
bias of about three volts was used and the input so 
connected as to make the input potential more positive 
for increased applied voltages. The distance between 
“1” and “2” on Fig. 14 represents 5800 volts. Thus the 
oscillographic study was made very easily at a number 
of different voltages with the amplifier, which would 
have been very troublesome otherwise. 


CONCLUSION 
It was the purpose of this work to develop a simple 
and convenient method for making oscillographic 
studies of high-voltage and low-current waves and 
similar phenomena—one which could be depended upon 
to give perfect reproduction of very small currents, 
preserving them in their true phase relations as well as 
in form. It is felt that this has been accomplished 
and that the amplifying oscillograph, if the combined 
amplifier and oscillograph may be so called, should 
prove a useful instrument in electrical engineering 
research. The oscillograph, already valuable in a wide 
field, has now had its range extended down to currents 

of about ten microamperes or less. 
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